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Jones, Wesley A. M.S.C.E., Purdue University, May 2014. Examining the Freezing and 
Thawing Behavior of Concretes with Improved Performance through Internal Curing and 
Other Methods. Major Professor: W. Jason Weiss. 
 
 
Internally cured (IC) concrete has been emerging over the last decade as an effective way 
to improve the performance of concrete.  IC holds promise for producing concretes with 
an increased resistance to early-age cracking and ultimately enhancing the durability of 
structures.  It is a simple and effective way to ensure proper hydration of cementitious 
material in high performance concrete mixtures; mixtures in which traditional, external 
curing can be ineffective.  IC supplies water that is necessary to relieve stress buildup 
from chemical shrinkage and in turn helping to prevent early age shrinkage cracking. 
 
The first part of this thesis presents and evaluates nine mixtures; two of which are 
standard mixtures that replicate Colorado DOT Class H and Class D (bridge deck and 
structural, respectively) mixtures and seven of which are altered standard mixtures to 
incorporate IC methods by use of pre-wetted lightweight aggregates (LWAs).  
Investigation into the fresh, mechanical, shrinkage, and transport properties of these 
mixtures is performed.  This portion demonstrates the benefits of IC concrete mixtures 
through a variety of performance testing methodologies and provides insight to designing 
IC mixtures, such that these benefits can be fully utilized. 
xv 
Values for slump, air content (by the pressure and volumetric methods), and unit weight 
are reported for the fresh properties of the mixtures.  Compressive strength and elastic 
modulus at 28 and 56 days are reported for the mechanical properties.  Autogenous, 
restrained, and drying shrinkage tests were performed.  IC mixtures prevented 
autogenous shrinkage and caused expansion (or swelling) in the system.  Restrained 
shrinkage showed that IC concrete reduced the residual stress buildup in the material.  IC 
mixtures demonstrated improved drying shrinkage performance, as water is present to 
maintain a higher internal relative humidity.  In addition, IC concrete was shown to 
reduce the chloride diffusion coefficient and tortuosity compared to standard mixtures, 
which is attributed to increased hydration.  Overall, it is clear that IC is an effective and 
beneficial method for concrete mixtures. 
 
While IC concrete has shown great promise for increased performance in concrete, some 
concerns have been raised regarding the potential for water to remain in the pores of the 
LWAs.  This could create issues in freezing that otherwise may not be present, such as 
additional damage from the un-used water expanding during a freezing.  Freezing of IC 
mixtures could have potential to shorten the service life of structures, opposing the 
benefits gained from using IC concrete. 
 
The second portion of this thesis presents an experimental approach to evaluate the 
freezing and thawing behavior of IC concrete.  An investigation into the use of LWA, as 
well as super absorbent polymers (SAPs), for IC concrete exposed to cyclic freezing and 
thawing environments has been performed by quantitatively showing the freeze-thaw 
xvi 
durability for these mixtures.  The results suggest that properly air entrained IC concrete 
with a reasonable w/c (approximately 0.48 or less) have no issues in resisting cyclic 
freeze-thaw action.  However, “excessively” IC mixtures may perform poorly in a freeze-
thaw environment.  SAP IC mixtures that include an air entraining admixture 
demonstrate no issues in freezing and thawing tests.  SAP mixtures that do not include an 
air entraining admixture have demonstrated poor performance in freezing and thawing. 
 
Other issues related to the freeze-thaw performance of concrete are caused by exposure to 
deicing salts.  These are used to lower the freezing temperature of water on concrete 
surfaces, in turn preventing ice formation and increasing transportation safety.  However, 
salts are partially responsible for durability issues that develop in pavement.  One way to 
prevent damage is to seal the faces of the concrete surface to help repel the fluid.  
However, a proper testing method for quantifying chloride rejection of sealers during 
thermal cycling does not exist. 
 
The final portion of this thesis examines the penetration of chlorides in hardened concrete 
due to interaction with salts that have potential for deterioration.  The objective of this 
portion is to develop a testing procedure to assess the impact of sealers, pore blockers, 
and water repelling materials to delay or prevent chloride solution ingress.  Presented is a 
testing methodology, which closely replicates concrete field exposure to fluids containing 
salts.  Furthermore, a phenomenon coined as chloride pumping is presented.  This is 




CHAPTER 1.  INTRODUCTION 
1.1 Introduction to Internal Curing 
Internally cured concrete has been rapidly emerging over the last decade as an effective 
way to improve the performance of concrete.  Internal curing (IC) holds promise for 
producing concrete with an increased resistance to early-age cracking and enhanced 
durability (Bentz and Weiss, 2011).  The technique of IC has recently been studied and 
used in several field applications (Schindler, Grygar, and Weiss, 2012).  As of 2010, 
hundreds of thousands of cubic meters of concrete containing pre-wetted lightweight 
aggregates (LWAs) for the use of IC have been placed throughout the United States 
(Bentz and Weiss, 2011). 
 
Before discussing the theory of IC, one should first know how IC developed.  The use of 
LWAs in concrete has existed since the early Roman times, where natural lightweight 
concrete had been used in structures such as the Pantheon (Bremner and Ries, 2009).  
These lightweight concretes may have, unknowingly, benefitted from what is now known 
as IC, which provides some explanation to the outstanding durability of a few of these 
ancient structures. 
 
It is believed that the first published notion that LWA can provide additional moisture to 
the cementitious system was in 1957 by Paul Klieger.  He stated “LWAs absorb 
2 
considerable water during mixing which apparently can transfer to the paste during 
hydration” (Klieger, 1957).  However, research on IC did not really progress until high 
strength, low water-to-cement ratio (w/c) concretes became a widely used and accepted 
way of producing and placing concrete.  In 1991 Robert Philleo stated “either the basic 
nature of portland cement must be changed so that self-desiccation is reduced, or a way 
must be found to get curing water into the interior of high-strength structural members... 
possible through the use of prewetted LWA”.  However, it is not intuitive to introduce 
LWA, a highly porous material, into concretes that are to achieve higher strengths.  
Therefore, those striving for higher strength concretes are generally not receptive to the 
idea of introducing LWAs into the cementitious system.  Philleo therefore suggested that 
“a partial replacement of fine aggregate with saturated lightweight fines might offer a 
promising solution” (Philleo, 1991).  Since then, the notion of IC with pre-wetted LWA has 
been studied and applied in the field to improve the curing process of concrete (Weber and 
Reinhardt, 1996; Bentz and Snyder, 1999; Bentur et al., 2001; Jensen and Hansen, 2001; 
RILEM, 2007; Radlinska, 2008; Schlitter et al., 2010; Bentz and Weiss, 2011). 
 
1.1.1 How Internal Curing Works 
The American Concrete Institute (ACI) has defined IC as “[the] process by which the 
hydration of cement continues because of the availability of internal water that is not part 
of the mixing water” (America Concrete Institute, 2013).  IC essentially consists of 
hiding water inside the concrete without altering the porosity of the paste.  This hidden 
and dispersed water is available to the system as needed for continued hydration after the 
time of set occurs.  
3 
As demonstrated in Figure 1.1, an adaption from Castro (Castro et al., 2011), external 
curing water (surface-applied water) may only penetrate a few millimeters into high 
performance concretes (Weiss et al., 1999; Bentz, 2002).  IC concrete, with proper spatial 
distribution and an appropriate amount of water (discussed more in depth later in this 
thesis), can create a three dimensional microstructure in which the hydrating cement 




Figure 1.1: Conceptual illustration to show the difference of external and internal curing 




In order for IC to be effective, the water filled inclusions should be distributed throughout 
the concrete and spaced close enough to provide coverage for the entire paste system 
(Henkensiefken et al., 2008; Castro et al., 2010).  The water provided to the cementitious 
matrix is done via the use of water filled inclusions.  The key to IC is that the water being 
released by these water filled inclusions is time delayed.  This effect is dependent on the 
size of the pores in the LWA.  The pores need to be of such size that water is taken in and 
held during the mixing process (absorption), but can be released from the pores back into 
the paste after setting (desorption), when needed for curing. 
 
Figure 1.2, adapted from Radlinksa (Radlinkska et al., 2008), illustrates how the pores of 
a cementitious system are emptied during chemical shrinkage.  Figure 1.2 (a) indicates a 
standard mixture, i.e. without IC.  Here, the pores of the system are emptied from largest 
to smallest, as water is needed for hydration.  Figure 1.2 (b) shows that when a porous 
material (such as LWA) with larger pores than those found in the microstructure of the 
paste is added into the system, water is drawn from these larger pores in the LWA first.  
According to the Young-LaPlace equation for capillary stress, the negative pressure 
buildup due to self-desiccation is inversely related to the size of the pore being emptied.  
The larger radii of the LWA will provide hydration water to the cement matrix while 
generating very small stresses (compared to the standard system).  The water from the 
porous material replaces what is lost in chemical shrinkage and will, in theory, fully 
hydrate the cement matrix.  When a sufficient volume of LWA is used, with adequate 
desorption properties and spatial distributions within the matrix, enough water can be 
5 
provided throughout the cementitious matrix to prevent early age cracking in the concrete 




Figure 1.2: Illustration demonstrating how water is emptied from largest pores to smallest. 
(a) Shows a standard cementitious system and (b) shows a cementitious system using IC, 
where the pore on the left side of the image is that of the lightweight aggregate (after 
Radlinka et al., 2008). 
 
 
1.1.2 Motivation for Use of Internally Cured Concrete 
IC was originally promoted to reduce autogenous shrinkage and autogenous shrinkage 
cracking (Bentz and Snyder, 1999; Jensen and Hansen, 2001; Kovler and Jensen, 2005; 
Radlinska et al., 2007; RILEM, 2007; Lopez et al., 2008).  Autogenous shrinkage is a 
phenomenon caused by chemical shrinkage, independent of external drying.  However, 
the benefits of an IC concrete go well beyond the reduction of autogenous shrinkage.   
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Recent work has demonstrated benefits of IC for reducing drying shrinkage, drying 
shrinkage cracking (Henkensiefken et al., 2008; Henkensiefken et al., 2009), and 
improved plastic shrinkage cracking resistance (Henkensiefken et al., 2010).  IC also has 
potential for an increase in the resistance to fluid absorption (Bentz and Snyder 1999, 
Henkensiefken et al. 2009, Peled et al. 2010), improved compressive strength (Golias et 
al., 2012) and reduced ion diffusion (Bentz, 2009; DiBella et al., 2012) in concrete.  It is 
becoming increasingly clear that IC has great potential for the concrete industry in 
creating a longer lasting, more sustainable product. 
 
 
1.1.3 Research Objectives 
This research presents an investigation into the performance of a typical Colorado 
Department of Transportation (DOT) Class H (bare bridge deck) concrete, in which a 
standard mixture is to be compared with various IC mixtures.  These IC mixtures are to 
have specified portions of normal weight aggregates (NWAs) replaced with pre-wetted 
LWAs, both coarse and fines.  In addition, a standard and internally cured concrete that 
meets the Colorado Class D (dense medium strength structural concrete) concrete 
specifications (Colorado Department of Transportation, 2011a) will be evaluated.  The 
goals of this research are to discuss and demonstrate all areas that make IC beneficial for 
these mixtures.  The fresh, mechanical, shrinkage, and transport properties of the 
mixtures have been investigated and presented.  In addition, the intent is to also provide 
insight for proper design of these mixtures, such that the full benefits of internal curing 
are utilized in creating mixture designs. 
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1.2 Introduction to Freezing and Thawing of Concrete 
The freeze-thaw durability of concrete is of great importance in areas that are prone to 
cold temperatures.  Poor freeze-thaw resistance of concrete compromises the 
performance, and ultimately the service life, of an otherwise healthy concrete structure 
(or structural component).  Deterioration in the form of cracking and spalling can lead to 
increased chloride transport, in which corrosion of reinforcing steel will occur.   
 
1.2.1 A Discussion of Freeze-Thaw Damage 
The performance of concrete in cold climates, as it relates to freeze-thaw durability, can 
be related to the degree of saturation (Fagerlund, 1975; Fagerlund, 1977; Litvan, 1988; 
Schere, 1993; Bentz et al., 2001; Sutter et al., 2006; Li et al., 2011).  Early research 
established the importance of air-entrained concretes in reducing freeze-thaw damage 
(Gonnerman, 1944; Powers, 1950; Klieger; 1952; Cordon and Merrill, 1963).  As water 
expands upon freezing, up to approximately 9% by volume (Powers, 1945), pressures 
form due to confinement by the pore walls.  Additional pore volume is necessary to 
account for the space required during expansion, and to alleviate the pressure developed.  
If the pores are only partially filled, the expansion from ice formation can be 
accommodated.  If the pores are saturated, past the suggested ‘critical degree of 
saturation’ (approximately 86%), damage is certain to occur.   
 
This phenomenon is demonstrated in Figure 1.3, adapted from Fagerlund (Fagerlund, 
1996), where the figures represent a paste structure undergoing freezing.  The figure on 
the left illustrates a paste below the critical degree of saturation, the figure in the middle 
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illustrates a non-air entrained paste that is above the critical degree of saturation, and the 
figure on the right illustrates a paste in which air voids are present.  The bar to the right of 
each figure represents an arbitrary volume of external water, which is being absorbed by 
the microstructure of the paste.  Less water present in the bar correlates to more water 
present in the paste.  Paste in which the volume of water in the pores is below the critical 
degree of saturation (i.e. the figure on the left), significant cracking is not experienced 
while undergoing freezing.  The pores that are filled above the critical degree of 
saturation (i.e., the figure in the middle) generate significant crack formation while 
freezing occurs.  However, when an air entraining admixture is used, the additional 
volume allows for expansion of water upon freezing, resulting in a microstructure in 
which cracking is reduced.  
 
 
Figure 1.3: Illustration of the critical degree of saturation during freezing in paste and 
how the use of an air entraining admixture (AEA) aids in damage prevention due to 
expanding water (after Fagerlund, 1996).  
 
9 
Most aggregates used in concrete are considered to be frost resistant, that is to say the 
cement paste determines the resistance of the concrete to freezing and thawing.  However, 
it has been shown that overly porous aggregate (as is the case for aggregates used in IC 
practices) could contribute to concrete deterioration in freeze-thaw (Stark and Klieger, 
1973; Bjegovic et al. 1987).  If water remains present in the aggregates, or if internally 
cured mixtures are exposed to freezing at very early ages, issues could arise with these 
mixtures.  However, it is believed that since LWAs are emptied at early ages, freeze-thaw 
durability is not of concern for internally cured mixtures (Schlitter et al., 2010). 
 
1.2.2 Research Objectives 
Concerns have been raised regarding water remaining in these porous lightweight 
aggregates, in turn creating issues in freezing that otherwise may not be present.  If water 
remains in the lightweight aggregates, additional damage could occur from the un-used 
water expanding during a freezing period.  This would have potential to shorten the 
service life of structures exposed to freezing environments, opposing the benefits gained 
from using IC concrete.  This study presents an experimental approach for evaluating the 
freezing and thawing behavior of IC concrete.   
 
This study investigates the use of LWA, as well as super absorbent polymers (SAPs) for 
IC and quantitatively shows the impact on the freeze-thaw performance for these 
mixtures.  In addition to simply performing and reporting experimental evaluations, this 
work describes the principles that make IC concrete resistant to freezing and thawing 
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behavior, so that specifications can be developed for producing IC concrete that is 
durable and long lasting. 
 
 
1.3 Introduction to Chloride Ingress 
Concrete pavements represent a large portion of the transportation infrastructure. Many 
of these pavements provide excellent long-term performance, however portions of 
pavements in the Midwestern United States have recently shown premature deterioration 
(Weiss et al., 2007; Sutter et al., 2006; Leech et al., 2008; Rangaraju et al., 2006; Olek et 
al., 2007; Radlinski et al., 2008; Jain et al., 2011; Arribas-Colon et al., 2012).  This 
deterioration is problematic because it compromises the performance and potential 
service life of an otherwise healthy pavement. 
 
1.3.1 A Discussion of Deicing Salts and Concrete 
Deicing salts are used to lower the freezing temperature of water on concrete surfaces, in 
turn preventing ice formation and increasing transportation safety.  However, salts are 
partially responsible for issues that develop in pavement.  When concrete that contains a 
deicing salt is exposed to freezing and thawing, a variety damage of mechanisms occur 
(Beaudoin and MacInnis, 1974; Kaufmann, 2000; Litvan, 1976; Mehta and Monteiro, 
2005; Powers, 1949; Powers, 1945; Powers, 1958; Scherer, 1999).  Two of these 
mechanisms were proposed years ago by TC Powers; one being ice formation inside the 
concrete pore structure (Powers, 1945), and another is the development of osmotic 
pressure due to partial freezing of solutions in capillaries (Powers, 1958).  One way to 
11 
reduce the increase in the degree of saturation, and consequently the ingress of chloride 
ions, is to seal the faces of the concrete surface to help repel the fluid.  However, a proper 
testing method for quantifying chloride rejection of sealers during thermal cycling does 
not exist.  Therefore, a sound method for determining the effectiveness of sealants in 
these conditions is necessary to know what type of performance to expect from concrete 
sealants. 
 
1.3.2 Research Objectives 
Concrete sealants can be used on freshly placed concrete, or on concrete already in 
service.  There are current practices to determine the effectiveness of sealants in reducing 
water ingress or chloride ingress at room temperature, however it is not clear what 
happens when the sealant is exposed to freezing and thawing conditions.  Perhaps 
sealants break down (i.e., crack/deteriorate) when exposed to deicing salts in these harsh 
freezing environments. 
 
The objective of this study is to develop and evaluate a testing methodology to assess the 
impact of sealers, pore blockers, and water repelling materials for the ingress of fluids 
containing deicing salts.  A proposed testing protocol is presented, which evaluates the 
sorption of hardened concrete, as the temperature fluctuates.  For this study it is of 




1.4 Objectives of Thesis 
The first major objective of this thesis is to demonstrate the benefits of IC concrete 
mixtures.  This thesis explores the fresh, mechanical, shrinkage, and transport properties 
of various IC and standard concrete mixtures.  The goal is to provide proper methods for 
creating IC concrete mixtures, as well as to demonstrate how improperly designed IC 
mixtures could have potential for a negative impact.  
 
The second major objective of this thesis is to address the freeze-thaw durability of IC 
mixtures.  This research provides much needed insight into IC mixture applications in 
cold climates.  Through studying IC mixtures with LWA and SAP, this work examines 
and proposes mixtures that perform well in freezing environments, and how improper use 
of IC can become detrimental to the service life of the concrete in freeze-thaw conditions.  
 
The third major objective of this thesis is to develop and evaluate a testing methodology 
to assess the impact of sealers, pore blockers, and water repelling materials for the ingress 
of fluids containing deicing salts.  A proposed testing protocol is presented, which 
evaluates the sorption of hardened concrete as the temperature fluctuates 
 
1.5 Organization of Thesis 
This thesis serves as the culmination of research performed by the author as a partial 
requirement for the degree of Master of Science in Civil Engineering at Purdue 
University.  It is an organized compilation of publications and reports for which the 
author of this thesis has served as the primary author. 
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This thesis is organized into five chapters: 
 CHAPTER 1 provides an introduction and background information for each of 
the major objectives of this thesis.   
 CHAPTER 2 investigates the fresh, mechanical, shrinkage, and transport 
properties of Colorado DOT Class H and Class D (bridge deck and structural, 
respectively) mixtures.   
 CHAPTER 3 explores the behavior of internally cured concrete mixtures in a 
freezing and thawing environment.   
 CHAPTER 4 examines the effectiveness of concrete sealants in rejecting chloride 
sorption and proposes a testing methodology in which this can be quantified.   




CHAPTER 2. USE OF INTERNALLY CURED CONCRETE TO IMPROVE SERVICE 
LIFE PERFORMANCE 
2.1 Introduction 
This chapter presents nine mixtures; standard reference mixtures as well as mixtures in 
which portions of normal weight aggregate (NWA) are replaced with varying portions, 
types and sizes of pre-wetted lightweight aggregate (LWA).  Specifically, this chapter 
provides investigation into the fresh, mechanical, shrinkage, and transport properties of 
Colorado DOT Class H and Class D (bridge deck and structural, respectively) mixtures.  
The intent is to provide knowledge of the benefits by using an IC concrete mixture, as 
well as to provide insight to properly designing for these mixtures, such that the full 
benefits of internal curing are utilized.  The mixtures evaluated, materials used, and 
mixture design techniques are presented in the first section.  The following section 
presents the evaluation of the constituent material and LWA material properties.  The 
mixture proportions for each of the nine mixtures, as well as the methods used during 
mixing are then presented.  The mixture properties are then presented in the following 
order: fresh and mechanical properties, shrinkage properties, and transport properties.  
Each section in which the properties of the concrete are evaluated will be presented by 
first discussing the mixing, placing, and curing procedures used, followed by a 
presentation of the testing methodologies to be performed.  The results are then presented 
15 
for each test, accompanied by a discussion.  The section will end end with a summary and 
conclusions from each test. 
 
2.2 Characterization of Evaluated Mixtures  
2.2.1 Evaluated Mixtures 
This study evaluates nine mixtures to compare the performance of Colorado Class H/D 
bridge deck mixture with Class H/D mixtures that are designed to utilize IC concepts.  
These mixtures are as follows: 
 
1. A mixture consistent with the standard Class H Colorado DOT bridge deck 
mixture, 
2. A mixture similar to the standard Class H Colorado DOT bridge deck mixture 
where a portion of the fine aggregate is replaced by fine LWA from supplier 1 
(where enough LWA is used to replace the water lost by chemical shrinkage, 
i.e. the typical value used for IC),
*
 
3. A mixture similar to the standard Class H Colorado DOT bridge deck mixture 
where a portion of the fine aggregate is replaced by fine LWA from supplier 1 
(where enough LWA is used to replace twice the water lost by chemical 
shrinkage), 
4. A mixture similar to the standard Class H Colorado DOT bridge deck mixture 
where a portion of the coarse aggregate is replaced by coarse LWA from 
supplier 1 (where enough LWA is used to replace the water lost by chemical 
shrinkage), and 
5. A mixture similar to the standard Class H Colorado DOT bridge deck mixture 
where a portion of the coarse aggregate is replaced by coarse LWA from 
supplier 1 (where enough LWA is used to replace the water lost by chemical 
shrinkage and the aggregate spacing provides that all of the paste is within 2 
mm of the surface of a LWA).
†
 
6. A mixture similar to the standard Class H Colorado DOT bridge deck mixture 
where a portion of the fine aggregate is replaced by fine LWA from supplier 2 
                                                 
*
 This is the typical way internal curing has been performed following the procedure 
outlined by Bentz and Snyder (Bentz and Snyder, 1999) 
†
 Only 92% of the paste was protected within a 2mm distribution around the aggregate 
even when all of the coarse NWA was replaced with coarse LWA. This will be further 
explained in Section 2.2.4. 
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(where enough LWA is used to replace the water lost by chemical shrinkage, 
i.e. the typical value used for IC) 
7. A mixture similar to the standard Class H Colorado DOT bridge deck mixture 
where a portion of the fine aggregate is replaced by fine LWA from supplier 3 
(where enough LWA is used to replace the water lost by chemical shrinkage, 
i.e. the typical value used for IC) 
8. A mixture consistent with the standard Class D Colorado DOT bridge deck 
mixture, and 
9. A mixture similar to the standard Class D Colorado DOT bridge deck mixture 
where a portion of the fine aggregate is replaced by fine LWA from supplier 1 
(where enough LWA is used to replace the water lost by chemical shrinkage, 
i.e. the typical value used for IC). 
 
Testing of these mixtures is to provide information on the fresh, mechanical, shrinkage 
and cracking, and fluid transport properties of the IC concrete as it compares with the 
standard Colorado DOT Class H/D mixture.  The classical approach to IC concrete is a 
mixture in which a portion of the fine NWA is replaced with enough pre-wetted fine 
LWA to supply curing water such that the water lost to chemical shrinkage is replaced.  
Additional mixtures in which more than the classical approach of LWA is replaced, as 
well as mixtures in which coarse LWA is used as a replacement for the coarse NWA, are 
used to demonstrate effects of ‘improperly’ designed IC mixtures.  Varying LWA 
suppliers in the mixtures is done to show that IC is still effective despite differences that 
may occur in absorption and gradation between different sources (Castro et al. 2010). 
 
2.2.2 Materials and Suppliers 
IC is generally performed in the United States using expanded LWAs (shale, clay, slate, 
and slag).  Other materials have been proposed that could function as internal water 
reservoirs such as super absorbent polymers (SAPs), cellulose and plant fiber, and 
recycled concrete.  Work has specifically been done on superabsorbent polymers (SAPs) 
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(Jensen and Hansen, 2001; Jensen and Hansen, 2002; Schlitter and Barrett, 2010) and 
pre-wetted wood fibers (Mohr et al., 2005).  It is the opinion of the author that the most 
commercially ready products for DOT applications in the United States are expanded fine 
LWA; however other material may be ready for commercial use in the near future. 
 
In order to perform the described testing on mixtures that would be typical for a Colorado 
bridge deck mixture, it is necessary to use constituent materials standard to the area, as 
well as LWA from a source(s) that would be practical for use in Colorado.  Table 2.1 
shows a list of the materials used in this study, including the suppliers and their location. 
 
 
Table 2.1: Material used in this study, including the supplier and location. 
Supplier Material Used* Location 
Aggregate Industries Morrison Pit Size 57/67 Golden, CO 
Aggregate Industries Thorton Pit Washed Concrete Sand Golden, CO 
Holcim US, Inc. Type I/II OPC Golden, CO 
Headwaters Resources Class F Fly Ash South Jordan, UT 
TXI/ Trinity ESC 3/8” Structure Coarse (LWA)  Boulder, CO 
TXI/ Trinity ESC Structural Fines (LWA) Boulder, CO 
Utelite Corp. Structural Fines (LWA) Coalville, UT 
Builidex, Inc. Structural Fines (LWA) Marquette, KS 
*Certain commercial equipment, instruments, or materials are identified in this report in order to 
foster understanding.  Such identification is not intended to imply that the materials or equipment 
identified are necessarily the best available for the purpose. 
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TXI LWA’s (now Trinity Expanded Shale and Clay, but will be referred to as TXI 
throughout this report as this was the company name when the study began) were used as 
the primary LWA supplier.  Utelite and Buildex LWA’s were also used in this study to 
show that internally cured concrete can be equally as effective with multiple LWA 
suppliers, as well as to point out variations that can arise between them. 
 
2.2.3 Proportioning for Internal Curing with LWA 
Previous studies have shown that there are three key considerations for determining the 
mixture proportions of an internally cured concrete (Bentz et al., 2005; Henkensiefken et 
al. 2008): (1) How much internal curing water is necessary (the amount is related to the 
volume of chemical shrinkage exhibited by the matrix), (2) How far into the surrounding 
cement paste the needed water can readily travel, and (3) How the LWA reservoirs are 
spatially distributed within the concrete.   
 
A procedure has been developed that uses these three concepts in determining the 
mixture proportions of concrete using LWA to provide water for IC.  This procedure was 
utilized in creating the mixture designs for the concretes under evaluation.  Research by 
Castro et al. (2010) and Pour Ghaz et al. (2012) investigated the properties of LWAs 
from various material suppliers across the United States, using several techniques that 
can be applied to internal curing.  This work will utilize newly developed standard 
procedures, ASTM C1761/C1761M – 12, to measure the absorption and desorption 
properties of the LWA, such that these properties can be correctly included in the mixture 
design. 
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The most basic way to explain proportioning of internal curing was suggested by Bentz 
and Weiss (2011) by applying the classic economics principle of supply and demand; the 
water lost to chemical shrinkage (or self desiccation) creates a demand in the system, 
which is to be supplied by the use of internal curing.  An equation for evaluating the 
supply and demand principle has been developed by Bentz et al. (Bentz et al., 1999; 
Bentz et al., 2005) and is shown in Equation (2.1a) below.  By rearranging Equation 
(2.1a), a solution for the mass of oven dry LWA required for internal curing is produced, 
seen in Equation (2.1b). 
 
 
                        
     
            






In Equation (2.1a) and (2.1b),    is the cement (or binder) factor of the concrete mixture, 
CS is the chemical shrinkage of the binder at full hydration,      is the expected 
maximum degree of reaction for the binder (ranging from 0 to 1),     is the mass of 
oven dry LWA, which is based on the saturation level relative to a quantified pre-wetted 
condition, S, and the measured sorption capacity of the internal reservoirs when in a pre-
wetted condition,     .  This equation represents the amount of IC water to be required 
by the system based on these inputs. 
 
2.2.4 Spatial Distribution for Internal Curing with LWA 
In order to optimize the design of IC mixtures, an understanding of the distance traveled 
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by water from the internal reservoirs (LWA) to the unhydrated cement paste must be 
obtained (Bentz and Weiss, 2011).  An estimated water travel distance can be determined 
using a web-based modeling program.  The model is based on an analysis first developed 
by Weber and Reinhardt (1999).  It estimates the expected water travel distance, obtained 
by equating the projected water flow rate to a value needed to maintain saturation in the 
surrounding cement paste at its current rate of hydration. 
 
The obtained travel distance is then used on a hard core/soft shell computer code (Bentz, 
Garboczi, and Snyder, 1999), to estimate the amount of ‘protected paste’ in the matrix.  
Protected paste refers to the percentage of hydrating cement paste that can be reached 
from the traveling water by internal reservoirs.  In this model, a water travel distance of 
2mm from the face of the LWA material is assumed, which is a reasonable estimate for 
late age (3 - 7 days) hydrating paste (Bentz et al., 2007). 
 
Figure 2.1 shows generalized (aggregate absorption/ desorption properties are assumed 
and constant) modeling outputs for each of the typical LWA replacements for this 
projects mixture designs.  The program receives an input based on aggregate gradations 
and the percentage of LWA to be replaced for a specific gradation.  It then randomly 
assigns aggregates to a location in a 3cm by 3cm space, which are the images shown in 
Figure 2.1 (a) – (d).  Table 2.2 (a) – (d) are the corresponding output values of protected 
paste fractions to the models in Figure 2.1, at specified distances from the LWA particles.  
A value of 1.0 indicates that all of the cement paste within that specified distance of a 
LWA surface can obtain full hydration.   
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Figure 2.1 (a) shows that when coarse LWA is used to replace the water lost by chemical 
shrinkage no lightweight particles are present in the output image.  This is due to the 
scarcity of coarse lightweight that would be used in replacing chemical shrinkage water.  
This highlights the importance of particle spacing for internally cured mixtures, as curing 
water must be properly distributed throughout the matrix for proper cement hydration.  
Figure 2.1 (b) illustrates a 100% coarse aggregate replacement of pre-wetted LWA.   
Table 2.2 (b) shows that a 2mm moisture distribution (protected paste value of 1.0 at 
2mm) cannot be obtained with coarse LWA.  A 0.92 (or 92%) protected paste value is 
achieved with 100% replacement of coarse LWA.  Figure 2.1 (c) illustrates a mixture in 
which pre-wetted fine LWA is used to replace the water lost to chemical shrinkage.  
Figure 2.1 (d) illustrates a mixture in which pre-wetted fine LWA is used to replace twice 
the water lost to chemical shrinkage. 
 
2.3 Evaluation of Material Properties 
Before assessing the performance of cementitious systems utilizing internal curing, it is 
first necessary to characterize the materials to be used.  The goal of this section is to 
evaluate both the constituent materials and LWA materials used in this study. 
 
2.3.1 Constituent Material Properties 
Table 2.1 provides a list of materials used in this study.  From this point forward, the 
57/67 Morrison Pit Aggregate will be referred to as simply coarse aggregate, or CA.  
Similarly, the Thorton Pit washed sand as fine aggregate, or FA, Type I/II OPC as cement, 
and Class F fly ash as fly ash. 
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Figure 2.1: NIST IC simulation, which illustrates paste hydration when (a) coarse LWA 
is used to replace the water lost by chemical shrinkage, (b) 100% coarse LWA is used to 
replace normal coarse aggregate, (c) fine LWA is used to replace the water lost to 
chemical shrinkage, and (d) fine LWA is used to replace twice the water lost to chemical 
shrinkage. 
Table 2.2: Protected paste volume as a function of distance from the LWA surface, 
corresponding to Figure 2.1, where (a) coarse LWA is used to replace the water lost by 
chemical shrinkage, (b) 100% coarse LWA is used to replace normal coarse aggregate, (c) 
fine LWA is used to replace the water lost to chemical shrinkage, and (d) fine LWA is 




Protected Paste Fraction – Output Based on Figure: 
(a) (b) (c) (d) 
0.050 0.00463 0.05289 0.14152 0.27529 
0.100 0.00871 0.09844 0.30162 0.54068 
0.200 0.01500 0.16693 0.58338 0.84951 
0.500 0.03149 0.33410 0.98172 0.99961 
1.000 0.05834 0.60143 0.99999 1.00000 
2.000 0.11737 0.92431 1.00000 1.00000 
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In order to create a mixture design, specific gravities of the aforementioned constituent 
materials and absorptions of the NWAs must first be obtained.  These values are reported 
in Table 2.3.  The manufacturers provided the values of specific gravity for the cement 
and fly ash.  Saturated surface dry (SSD) specific gravity and absorption of the coarse 
and fine aggregates were determined in accordance with ASTM C127 – 12 and ASTM 
C128 – 12, respectively. 
 
 
Table 2.3: SSD specific gravity and absorption, by mass, of constituent materials used in 
mixture designs. 
Material S.G. Abs., % 
Cement 3.15 - 
Fly Ash 2.37 - 
Coarse Aggregate 2.65 0.80% 
Fine Aggregate 2.62 1.10% 
 
 
2.3.2 LWA Properties 
2.3.2.1 Testing Procedures for LWA 
Determining the properties of LWAs can become problematic since an SSD condition 
really does not exist via the methods presented in standards for obtaining LWA properties.  
Therefore, it is more appropriate to determine the properties for a pre-wetted surface dry 
condition.  ASTM C1761/C1761M – 12 provides a method for determining absorption, 
specific gravity/ relative density, and desorption, based on obtaining pre-wetted 
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conditions after a 72-hour soaking time.  This method for LWA is similar to the methods 
found ASTM C127 – 12 for fines and ASTM C128 – 12 for coarse.  These methods both 
rely heavily on the user’s interpretation of the ‘SSD’ state of the aggregates and 
consequently create large variations in materials with higher absorptions, such as LWAs.   
 
Work by Miller et al. (Miller et al., 2013) provides a simple and repeatable method for 
obtaining pre-wetted surface dry conditions in aggregates via the use of a centrifuge.  
LWAs were tested for 72-hour absorption using both the paper towel method provided by 
ASTM C1761/C1761M – 12 as well as the centrifuge method, suggested by Miller et al.  
The centrifuge method consists of spinning approximately 500 grams of soaked LWA for 
3 minutes at a speed of 2000 revolutions per minute (rpm).  Absorption, specific gravity, 
and desorption are then tested in the same manner prescribed by ASTM C1761/C1761M 
– 12 to provide properties for a pre-wetted surface dry condition after 72 hours of soaking. 
 
2.3.2.2 Absorption and Specific Gravity of LWA 
Accurate absorption values are a key component in creating a quality IC mixture design.  
If absorption values of LWA are underestimated, an over abundance of water is provided 
to the matrix, which can increase the w/c during the mixing phase.  This will result in a 
higher w/c concrete than what was anticipated in the mixture design.  If absorption values 
of the LWA are overestimated, not enough water will be present in the LWA to replace 




Values for absorption and specific gravity used in the mixture designs for this study can 
be found in Table 2.4.  A 72-hour soaking time has been prescribed by ASTM 
C1761/C1761M – 12 for purposes of consistency, however it is of the author’s opinion 
that if the absorption from any soaking time is accurately obtained and used in 
proportioning, an equally as effective IC mixture can still be created.  Thus, for ease of 
mixing, a 24-hour soaking time will be used for certain testing procedures (which will be 
identified where applicable).  Both 72 and 24-hour values are reported in Table 2.4.   
 
It should be noted that values for specific gravity are linked to the moisture state of the 
aggregates and would theoretically change from a 24-hour soaking period to a 72-hour 
soaking period.  However, the slight change in specific gravity has not been accounted 
for in this study. 
 
 
Table 2.4: Specific gravity and absorption, by mass, of LWA materials used. 
Material SG* 24hr, % 72hr, % 
TXI, CA 1.74 15.0% 17.5% 
TXI, FA 1.85 16.5% 18.5% 
Buildex, FA 1.65 16.5% 18.7% 
Utelite, FA 1.87 18.8% 19.9% 
*Specific gravity (SG) measured from aggregates that have undergone a 72 hour 
soaking period.  
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2.3.2.3 Desorption of LWA 
Desorption is defined as the loss of water from the LWA pores to the concrete matrix.  
This process (i.e., the release of water from the LWA pores into the matrix) is what 
makes internal curing possible.  A desorption isotherm, a plot of mass loss as a function 
of time keeping temperature and RH constant (at 23 ± 1 °C [73.5 ± 1.5 °F] and 94 ± 0.5%, 
respectively), is shown in Figure 2.2.  The desorption curve was created in accordance 
with ASTM C1761/C1761M – 12, where aggregate started in a pre-wetted condition (a 
72-hour soaking period) using both the “paper towel method” described in ASTM 
C1761/C1761M – 12 as well as the centrifuge method described in Section 2.3.2.1.  
Values presented in this section are averages of both methods.   
 
Once in a saturated surface-dry condition, samples of approximately 5g and 20g for fine 
and coarse LWA, respectively, were weighed into a dish and placed in the constant RH 
chamber at 94 ± 0.5%.  The masses were monitored daily until no more than a 0.01g 
change in mass occurred.  The samples were then placed in an oven to obtain the oven 
dry mass, from which desorption can be calculated.  A value of 0 in Figure 2.2 indicates 
an aggregate that has desorbed all of its water, i.e. an aggregate in an oven dry state.  An 
efficient LWA describes one that desorbs the majority of the water it absorbs, 
approximately 85%.  This value is simply a rule of thumb for using an effective LWA, 
rather than a basis for scientific importance.  The average final desorption values (percent 
desorbed) and standard deviation for each aggregate can be found in Table 2.5.  The 
values presented in the plot represent an average of four specimens, two specimens 
utilizing the paper towel method and two the centrifuge method.  
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Figure 2.2: Desorption isotherm for LWA’s used in this study. 
 
 
2.3.3 Coarse Aggregate Gradations 
Gradations for the coarse aggregates, both standard and lightweight, were obtained and 
used in the mixture designs.  All coarse aggregate used in this study was sieved and 
recombined with the gradations shown in Table 2.6.  This was done in order to keep a 
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consistent coarse aggregate volume between mixtures. Gradations were done in 
accordance with ASTM C136 – 06. 
 
 
Table 2.6: Coarse aggregate gradation for NWA (left) and LWA (right). 
 
57/67 CA Structural 3/8" LWCA 
Sieve % Passing % Passing 
1” 100% 100% 
3/4” 88% 100% 
1/2” 41% 100% 
3/8” 23% 72% 
#4 2% 1% 
#8 0% 0% 
 
 
2.3.4 Cementitious Material 
The goal of internal curing is to provide a volume of water equivalent to the volume lost 
to chemical shrinkage.  In order to create mixture designs, a value of chemical shrinkage 
was assumed to be 0.064 mL/g.  The chemical compositions for the cement and fly ash 
used in this study can be found in Table 2.7.  Chemical shrinkage and the obtained values 
will be further discussed later in this chapter.  The particle sizes were measured using a 
Coulter LS32 particle size analyzer with high reproducibility (< 1%), with methanol as a 
dispenser.  The results for three trials of the particle size distributions for both the cement 
and fly ash used in this study are shown in Figure 2.3 and Figure 2.4, respectively.   
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Table 2.7:Chemical analysis results of the cement and fly ash used in this study. 
Analysis Results 
Chemical Symbol Type I-II Cement Class F Fly Ash 
Silicon Dioxide SiO2 20.0% 62.8% 
Aluminum Oxide AL2O3 4.7% 18.5% 
Iron Oxide FE2O3 3.2% 4.4% 
Calcium Oxide  CaO 64.0% 5.2% 
Magnesium Oxide MgO 1.4% 0.0% 
Sulfur Trioxide SO3 3.3% 0.6% 
Loss of Ignition LOI 2.1% 0.7% 
Equivalent Alkalis - 0.6% 0.0% 
 
 
Figure 2.3: Differential pore size distribution for the Type I-II cement. 
 




2.4 Methods and Materials 
2.4.1 Mixtures Evaluated 
The intent of this study is to evaluate the properties of IC Colorado Class H and D bridge 
deck mixtures in comparison to their standard counterparts.   This study will also 
demonstrate the appropriate use of IC through porous inclusions and how inappropriately 
proportioning IC can become problematic.  Nine mixtures were created for testing, in 
which the only variable was the amount and type of LWA used for internal curing.  A 
description of each mixture is shown in Table 2.8.  From this point forward in the report, 
the ID given in the table will be used to refer to each mixture. 
 
2.4.2 Mixture Proportioning 
The aim of this study is to determine the benefits of IC concrete by closely replicating the 
aforementioned Colorado DOT concrete mixtures.  The Colorado DOT Construction 
Specification Section 601 for Structural Concrete (Colorado Department of 
Transportation, 2011a) and the 2011 revision of Section 601 for Class H and HT bridge 
deck concrete (Colorado Department of Transportation, 2011b) were used to obtain the 
mixture proportions presented in this section. 
 
The Class H concretes have a w/c of 0.42, with a fixed cementitious material content of 
570 lb/yd
3
 and 20 percent replacement of fly ash, by mass.  The mixtures consist of 55 
percent coarse aggregate by volume of total aggregate.  In addition, a water reducing 
admixture, Glenium 3030, and an air entraining admixture, MB-AE 90, were used.  The 
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Class D mixtures, standard and internally cured, have a w/c of 0.45.  All other 
proportions used are consistent with that of the Class H mixture.  The batching quantities 
for both mixtures can be seen in Table 2.9.  Admixtures were used and will be discussed 
in Section 2.5.3.1. 
 
Table 2.8: Description of mixtures used in this study and ID’s in which they will be 
referred for the remainder of this report. 
ID Mixture Description 
Mixture 1 Standard Class H Colorado Department of Transportation bridge deck mixture 
Mixture 2 
Standard Class H Colorado Department of Transportation bridge deck mixture where a 
portion of the fine aggregate is replaced by fine lightweight aggregate from supplier 1 
(enough lightweight aggregate is used to replace the water lost by chemical shrinkage) 
Mixture 3 
Standard Class H Colorado Department of Transportation bridge deck mixture where a 
portion of the fine aggregate is replaced by fine lightweight aggregate from supplier 1 
(enough lightweight aggregate is used to replace twice the water lost by chemical 
shrinkage) 
Mixture 4 
Standard Class H Colorado Department of Transportation bridge deck mixture where a 
portion of the coarse aggregate is replaced by coarse lightweight aggregate from 
supplier 1 (enough lightweight aggregate is used to replace the water lost by chemical 
shrinkage) 
Mixture 5 
Standard Class H Colorado Department of Transportation bridge deck mixture where all 
of the coarse aggregate is replaced by coarse lightweight aggregate from supplier 1 
(aggregate spacing for a 2 mm moisture distribution is obtained was initially desired)* 
Mixture 6 
Standard Class H Colorado Department of Transportation bridge deck mixture where a 
portion of the fine aggregate is replaced by fine lightweight aggregate from supplier 2 
(where enough lightweight aggregate is used to replace the water lost by chemical 
shrinkage)  
Mixture 7 
Standard Class H Colorado Department of Transportation bridge deck mixture where a 
portion of the fine aggregate is replaced by fine lightweight aggregate from supplier 3 
(where enough lightweight aggregate is used to replace the water lost by chemical 
shrinkage) 
Mixture 8 Standard Class D Colorado Department of Transportation bridge deck mixture 
 
Mixture 9 
Standard Class D Colorado Department of Transportation bridge deck mixture where a 
portion of the fine aggregate is replaced by fine lightweight aggregate from supplier 1 
(where enough lightweight aggregate is used to replace the water lost by chemical 
shrinkage) 
*See Section 2.2.4 for a further explanation 
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Table 2.9: Batching quantities for Class H standard mixture (left) and Class D standard 
mixture (right). 
    
 
 
2.4.3 Mixing Procedure 
Unless otherwise noted, each mixture was produced conforming to the procedure 
presented in this section.  The mixing was carried out in accordance with ASTM 
C192/C192M – 07.  Materials were mixed using a dual action, 3.0 ft
3
 capacity pan mixer.  
The concrete mixtures were batched in an environment with a temperature of 23 ± 2 °C.  
The NWAs were prepared in an oven dry state.  Unless otherwise noted, LWAs were 
prepared according to ASTM C1761/C1761M – 12, with a soaking time of 72 ± 4 hours.  
 
The LWAs for IC mixtures were soaked in the water specified in each mixture design.  
Once the desired soaking time was reached, unabsorbed mixture water was decanted and 
set aside for mixing.  In mixtures that required less water than what was able to 
completely cover all LWA for soaking (i.e., Mixture 5), additional water than that 
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prescribed by the mixture design was added for soaking purposes.  The excess water was 
then removed and discarded in the decanting process.  
 
The NWAs were first combined to form a “buttered” mixture by adding a portion of the 
batch water to control dust and ensure proper water absorption for the aggregate.  Next, 
the cement and fly ash were added to the mixer and combined with the aggregates until a 
uniform distribution was achieved.  The remaining batch water was slowly added and the 
time of water-to-cement contact was noted.  Immediately following the addition of water, 
LWAs (where applicable) were added to the mixture, followed by the addition of the 
water reducing and air-entraining admixtures directly to the concrete.  The concrete was 




2.5 Evaluation of Fresh and Mechanical Properties 
2.5.1 Introduction 
This section presents the fresh and mechanical properties of the nine previously presented 
mixtures of interest.  The fresh properties presented consist of slump, air content (from 
both the volumetric and pressure methods), and density for each mixture.  These tests 
were performed by a certified ACI Grade I concrete field-testing technician.  The 
mechanical properties consist of compressive strength and elastic modulus tested at both 
28 and 56 days.  The test methods and casting procedures will be discussed first, 
followed by the results and discussions. 
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2.5.2 Mixing, Placing, and Curing Procedures 
Materials were batched and mixed in accordance to the procedure presented in Section 
2.4.3.  For IC mixtures, the LWA soaked in the required mixing water (the water required 
for the desired w/c, as well as additional curing water) for a 72 ± 4 hour period prior to 
mixing.  The curing methods used for each experiment will be discussed separately, 
where applicable. 
 
2.5.2.1 Fresh Properties 
2.5.2.1.1 Slump 
The concrete slump was determined in accordance with ASTM C143/C143M – 12.  After 
methodic mixing of constituent materials, the mixture of interest filled a dampened 
standard slump cone apparatus in three lifts, being rodded 25 times per lift.  The cone was 
then removed carefully in the vertical direction in 5 ± 2 s, with caution against lateral and 
torsional motion.  The vertical difference between the top of the mold and the displaced 
original center of the top surface of the specimen was measured and recorded to the 
nearest ¼ in.  
 
2.5.2.1.2 Air Content Via Volumetric and Pressure Methods 
Because the freeze-thaw durability of IC mixtures is a main focus of this study (presented 
in CHAPTER 3), air content of the mixtures is very important.  Colorado DOT 
Specification Section 601 (Colorado Department of Transportation, 2011a) requires an 
air content within the range of 5-8% for Class H and D mixtures.  An air entraining 
admixture was used to obtain the desired air content range.  An average of the volumetric 
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air content and the pressure method air content was required to be within this range 
before placement of the concrete. 
 
The air content determined via the volumetric method was tested in accordance with 
ASTM C173/C173M – 12.  After proper mixing of constituent materials, the mixture 
filled the dampened, 2.0 L [0.075 ft
3
] standard measuring bowl of the air meter in two 
lifts, being rodded 25 times per lift.  After each layer the sides of the bowl were tapped 
approximately 10 times with a rubber mallet to close any voids left by the tamping rod 
and to release any large bubbles of entrapped air.  The concrete was then made flush with 
the top of the bowl using a strike off bar and the top portion of the air meter apparatus 
was secured.  Approximately 0.5 L [1pt] of water was added followed by 1 L [2 pt] of 
isopropyl alcohol.  Additional water was then added until the liquid level appeared at the 
zero marking.  The liquid tight cap was then attached.  
 
The air meter was inverted and shaken in a repetitious manner for 45 s to ensure the 
concrete has broken free and the aggregate was heard moving within the meter.  It was 
then placed on the ground and titled at approximately 45° from the vertical position and 
vigorously rolled back and forth for 1 min.  The apparatus was then set in an upright 
position until the liquid level stabilized.  The initial air content was then recorded to the 
nearest 0.25%.  When the initial meter reading was obtained, the rolling procedure was 
repeated to obtain a final meter reading.  When the reading had not changed more than 
0.25% of the initial reading, then this value was recorded as the final air content.  All 
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mixture followed this procedure, as no “additional requirements” per ASTM 
C173/C173M – 12 were necessary. 
 
The air content via the pressure method was determined in accordance with ASTM 
C231/C231M – 10.  After proper mixing of constituent materials, the mixture filled the 
dampened, 7 L [0.25 ft
3
] Type B measuring bowl of the air meter in two lifts, being 
rodded 25 times per lift.  After each layer the sides of the bowl were tapped 
approximately 10 times with a rubber mallet to close any voids left by the tamping rod 
and to release any large bubbles of entrapped air.  The concrete was then made flush with 
the top of the bowl using a strike off bar and the top portion of the air meter apparatus 
was secured.  Once the top portion was secured, water was injected into one of the two 
petcocks, until it emerged from the other.  The gauge was stabilized at the initial pressure 
line and the main pressure valve was released.  Once the gauge hand stabilized, that value 
was recorded as the apparent air content of the sample tested.  The total air content was 
then calculated by subtracting the aggregate correction factor, determined by ASTM 
C231/C231M – 10, from the apparent air content.  
 
2.5.2.1.3 Unit Weight 
The unit weight of freshly mixed concrete was determined in accordance with ASTM 
C138/C138M – 13.  The metal bowl used in the pressure test method was used in 
determining unit weight.  The mass of the empty bowl was obtained to the nearest 0.05 
kg.  A freshly mixed concrete sample was placed in the dampened steel bowl in two lifts, 
being rodded 25 times per lift.   After consolidation, the top surface was made flush with 
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the bowl by a strike off bar.  The mass of the bowl and specimen were then obtained to 
the nearest 0.05 kg and the fresh unit weight was calculated. 
 
2.5.2.2 Mechanical Properties 
2.5.2.2.1 Compressive Strength 
The compressive strength of cylindrical concrete specimens was determined in 
accordance with ASTM C39/C39M – 12a.  Sets of three, 4 in diameter by 8 in tall [100 
mm by 200mm], cylinders were cast to study the compressive strength of each mixture.  
A set was made for testing at ages of both 28 and 56 days.  The cylinders were cast in 
two lifts, being vibrated and rodded 25 times after each lift.  After one day of curing, the 
cylinders were demolded, sealed, and stored in a moist chamber at a temperature of 23 ± 
1 °C until testing.  For each day of testing, three cylinders were tested to determine the 
compressive strength of the mixtures.  The cylinders were loaded at a rate of 35 ± 2 psi/s 
[0.25 ± 0.05 MPa/s] in a 700 kip [3100 kN] hydraulic compression machine, utilizing 
neoprene end caps when tested. 
 
2.5.2.2.2 Modulus of Elasticity 
The static modulus of elasticity (Young’s modulus of elasticity) was determined using a 
procedure similar to that in ASTM C469/C469M – 10.  Sets of two, 4 in diameter by 8 in 
tall [100 mm by 200mm] cylinders were cast to study the compressive strength of each 
mixture.  A set was made for testing at ages of both 28 and 56 days.  The cylinders were 
cast in two lifts, being vibrated and rodded 25 times after each lift.  After one day of 
curing in their molds, the cylinders were demolded, sealed, and stored in a moist chamber 
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at a temperature of 23 ± 1 °C until tested.  Upon testing, the cylinders were fitted with a 
compressometer equipped with a linear variable differential transformer (LVDT) 
displacement transducer.  The cylinders were then loaded to 40% of their ultimate 
strength two separate times.  The resulting slope of the stress-strain curve from the 
second loading was taken as the static modulus of elasticity.  For each day of testing, two 
cylinders were tested for every mixture with no cylinder being tested at more than one 
age. 
 
2.5.3 Results and Discussions 
2.5.3.1 Fresh Properties 
This section presents the fresh properties for the mixtures evaluated in this study.  The 
results are presented in a tabular format, in which the slump, air content, and unit weight 
are provided.  These values are used to describe the mixtures that are to be evaluated in 
the following sections and to provide each mixtures properties for future reference in this 
study.  Air content was required to be within a range of 5-8% for Class H and D mixtures 
(Colorado Department of Transportation, 2011).  An air entraining admixture was used, 
MB-AE 90 by BASF, to obtain this desired air content range.  Since slump is not 
specified for Class H or D mixtures by Colorado DOT Specifications, field workability 
was not of concern for these mixtures.  A water reducing admixture, Glenium 3030 by 
BASF, was added to the mixtures until desirable lab workability was achieved, taking 
caution to avoid aggregate-paste segregation.  The amount of water reducing and air 
entraining admixtures are reported in Table 2.10 and Table 2.11, respectively. 
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The fresh properties of the mixtures can be found in the following tables.  Table 2.10 
presents the amount of water reducer used, slump, unit weight (γc), and unit weight 
normalized to the standard mixture (γnorm).  Table 2.11 presents the amount of air 
entrainer used, air content via volumetric method, and air content via pressure method. 
 
Table 2.10 shows that mixtures containing LWA’s have a lower density than the standard 
Class H/D mixtures, as is expected.  In mixtures where pre-wetted fine LWA is used only 
to replace water due to chemical shrinkage (i.e. Mixtures 2, 6, 7, and 9), only a slight 
reduction in unit weight is observed (the most being Mixture 6 at an 8% reduction, which 
can be attributed to a higher air content).  The maximum reduction in unit weight is 17% 
for a full replacement with coarse LWA.   
 
Table 2.10: Values of water reducer used, slump, unit weight (γc), and normalized unit 
weight (γnorm) for evaluated mixtures. 
Mixture ID: 
WR Slump γc γnorm 
(fl oz/cwt) (in) (lb/yd
3
) (% of std.) 
Mixture 1: Standard Class H 6.6 1 3950 - 
Mixture 2: LWFA 1 x CS 8.0 1 ½  3900 99% 
Mixture 3: LWFA 2 x CS 10.0 2 ½  3830 97% 
Mixture 4: CLWA 1 x CS 10.6 3 ¼  3770 95% 
Mixture 5: 100% CLWA Replacement 10.0 2 3260 83% 
Mixture 6: IC Buildex 8.0 3 3650 92% 
Mixture 7: IC Utelite 8.0 5 ¼  3800 96% 
Mixture 8: Standard Class D 2.7 6 ½  3870 - 
Mixture 9: IC Class D 2.7 6 ½  3750 97% 
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Table 2.11:Values of air entraining admixture dosage and air content via volumetric 
method and pressure method for evaluated mixtures. 
Mixture: 
AE AirPres. AirVol. 
(fl oz/cwt) (%) (%) 
Mixture 1: Standard Class H 0.2 5.80% 5.25% 
Mixture 2: LWFA 1 x CS 0.2 5.90% 4.75% 
Mixture 3: LWFA 2 x CS 0.3 5.00% 5.00% 
Mixture 4: CLWA 1 x CS 0.4 6.20% 5.75% 
Mixture 5: 100% CLWA Replacement 0.4 7.00% 5.75% 
Mixture 6: IC Buildex 0.3 7.9% 6.5% 
Mixture 7: IC Utelite 0.3 6.8% 6.8% 
Mixture 8: Standard Class D 0.3 6.0% 5.8% 
Mixture 9: IC Class D 0.2 6.1% 5.8% 
 
Table 2.11 provides air contents for each mixture.  Air content for Mixture 2 was just 
outside of the 5-8% range for the volumetric method, however the pressure method met 
the desired content.  Therefore, this mixture was deemed usable, as this is the approved 
method used most commonly in New York and Indiana IC field deck mixtures.  All other 
mixtures fell within the accepted range for both the pressure and volumetric methods. 
 
2.5.3.2 Mechanical Properties 
This section presents the mechanical properties of the mixtures evaluated in this study.  
The compressive strength and modulus were taken at both 28 and 56 days.  The 28-day 
tests were chosen because this is the typical age at which compressive strength is reported.  
The 56-day compressive strength testing is required by Colorado DOT Specification 
Section 600.  The results are presented in a comparative graphical format, as well as a 
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tabular format.  The graphical format presented is a bar graph of compressive strength/ 
elastic modulus, normalized to that of the standard mixture (Class H or D, whichever is 
applicable).  The tables provide numerical results for both tests, as well as standard 
deviations from specimens of the same mixture.  
 
As noted, the normalized compressive strengths and elastic moduli at an age of 28 and 56 
days for each mixture to its standard counterpart are shown in Figure 2.5 and Figure 2.6, 
respectively.  For example, Mixtures 2-7 are normalized to the standard Class H results 
(Mixture 1), and Mixture 9 is normalized to the standard Class D results (Mixture 8).  
Table 2.12 and Table 2.13 provide numerical data for 28 and 56 day compressive strength 
and elastic modulus (and the corresponding standard deviations) rounded to the nearest 
hundred psi and ksi, respectively.  The reported values are an average of three cylinders 
for compressive strength and two cylinders for elastic modulus (a dash in the standard 
deviation column indicates that only one test for modulus returned valid results). 
 
The first trend in compressive strength noticed is the relative performance of the IC 
mixtures to the standard mixtures.  The IC mixtures (with the exception of Mixtures 5 
and 7) had a higher compressive strength than the standard mixture.  With Mixture 5 
being a 100% LWCA, it was expected that this mixture would have a decrease in 
compressive strength.  The lower relative compressive strength of Mixture 7 was less 
than that of Mixture 1 for both 28 and 56 days.  This could be due to LWA being a more 
porous material.  The increase in compressive strength that was observed in many of the 
IC mixtures can be attributed to the increased hydration caused through internal curing.  
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These results coincide with what Golias et al. (2012) have shown; that compressive 
strength of internally cured mixtures show an increase compared to plain mixtures when 
sealed (as is the case for the mixtures of this study), or drying type conditions are 
encountered in the curing process.  These benefits of IC do not hold true for samples that 
are continuously water cured, as hydration is able to continue in the plain system.  
However, for low w/c mixtures in which the pore structure is highly disconnected, this 
may not be true as water penetration occurs at a much slower rate. 
 
Internally cured mixtures using LWA show a reduction in the modulus of elasticity.  
Mixture 4 shows very similar properties to Mixture 1 for elastic modulus, as only a small 
portion of NWA was replaced with LWA.  Mixture 5 has the greatest reduction in 
modulus of 29% and 37% at 28 and 56 days, respectively.  This reduction in modulus can 
be attributed to the large addition of porous LWA material into the system, which 
reduced the overall stiffness.  A decreased modulus in IC mixtures, while reducing the 
overall stiffness of the concrete, can actually be beneficial in reducing shrinkage cracking.  
The interface between NWA and paste can be an epicenter of crack formation.  This is 
due to stress buildup from the large differences in stiffness between the NWA and paste 
at early ages.  The NWA acts in restraint to movement of paste.  When NWA particles 
are substituted by LWA particles, the change in stiffness, or degree of restraint, at the 
interface of the paste is reduced, resulting in less stress buildup and ultimately decreased 
cracking potential.  This is consistent with work done by Raoufi et al. (2011) using finite 
element modeling to examine stress development. 
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Figure 2.5: Evaluated mixtures compressive strength (f’c), normalized to standard 
mixture. 
 
Figure 2.6: Evaluated mixtures Young’s modulus of elasticity (Ec), normalized to 
standard mixture. 
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Table 2.12: Values of compressive strength (f'c) and standard deviation (STDEV) 
mixtures at 28 and 56 days. 
Mixture: 
f'c - 28 day STDEV f'c - 56 day STDEV 
(psi) (psi) (psi) (psi) 
Mixture 1: Standard Class H 5400 140 6100 482 
Mixture 2: LWFA 1 x CS 5800 20 6800 374 
Mixture 3: LWFA 2 x CS 6100 88 6600 382 
Mixture 4: CLWA 1 x CS 5700 316 6500 303 
Mixture 5: 100% CLWA Replacement 5200 128 6100 146 
Mixture 6: IC Buildex 5900 22 6200 77 
Mixture 7: IC Utelite 5200 219 5700 243 
Mixture 8: Standard Class D 4400 131 4800 45 
Mixture 9: IC Class D 5200 222 5500 45 
 
 
Table 2.13: Values of Young’s elastic modulus (Ec) and standard deviation (STDEV) 
mixtures at 28 and 56 days. 
Mixture: 
Ec - 28 day STDEV Ec - 56 day STDEV 
(ksi) (ksi) (ksi) (ksi) 
Mixture 1: Standard Class H 4500 164 5000 - 
Mixture 2: LWFA 1 x CS 4300 12 4600 65 
Mixture 3: LWFA 2 x CS 4300 64 4300 - 
Mixture 4: CLWA 1 x CS 4500 - 4800 - 
Mixture 5: 100% CLWA Replacement 3200 80 3100 33 
Mixture 6: IC Buildex 4200 13 4000 20 
Mixture 7: IC Utelite 4100 76 4200 108 
Mixture 8: Standard Class D 4000 112 4400 - 
Mixture 9: IC Class D 4000 18 4200 68 
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2.5.4 Summary and Conclusions 
This section investigated the fresh and mechanical properties of both standard and IC 
Colorado DOT Class H/D mixtures.  The fresh properties consist of slump, air content 
from both the volumetric and pressure methods, and density for each of the nine mixtures.  
These tests were performed by a certified ACI Grade I concrete field-testing technician.  
The mechanical properties consist of compressive strength and elastic modulus values at 
both 28 and 56 days.  Results from this section can be summarized as follows: 
 Slump was not of concern for these mixtures.  If a higher slump is desired for 
field use, the amount of water reducing admixture should be adjusted. 
 Mixtures containing LWAs (i.e., IC mixtures) have a lower density than the 
standard mixtures, as expected. 
 An air entraining admixture was used to obtain a desired air content within the 
range of 5-8% for both standard and IC mixtures.  The pressure method is the 
preferred method for obtaining air content, based on ease of field use.  However, 
the volumetric method provides a comparable and seemingly consistent value. 
 In compression, the IC mixtures for most mixtures performed better than the 
standard mixture.  The increase in compressive strength is attributed to the 
increased hydration caused through internal curing. 
 All IC mixtures showed a reduction in the modulus of elasticity, which is 
attributed to the addition a material that has reduced stiffness, i.e. LWA.  This 
reduction in modulus has potential to benefit mixtures in reducing shrinkage 
cracking.  The difference in stiffness at the interface of the LWA and paste are 
less than that encountered at the interface of NWA, which will reduce the restraint 
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encountered, consequently generating less stresses which could lead to crack 
formation at early ages. 
 
 
2.6 Evaluation of Shrinkage Properties 
2.6.1 Introduction 
This section presents the results of the nine mixtures with respect to their shrinkage 
properties.  Autogenous shrinkage, restrained shrinkage cracking, and free shrinkage in a 
50% relative humidity (RH) drying condition were investigated.  The test methods and 
casting procedures will be discussed first, followed by the results and discussions. 
 
2.6.2 Mixing, Placing, and Curing Procedures 
Materials were batched and mixed in accordance to the procedure presented in Section 
2.4.3 for restrained shrinkage (dual rings) and free shrinkage in a 50% RH drying 
condition (length change).  Mixtures for early age autogenous shrinkage were cast 
separately using a Hobart paddle with a 0.25 ft
3
 capacity-mixing bowl.   In order to 
control aggregate pinching in the Hobart mixing bowl, a different mixing sequence than 
the one discussed for the pan mixer was used.  The fines, cementitious material, 
admixtures, and mixing water were mixed first to create a fresh mortar.  The time at 
which contact of water and cementitious material occurred was noted followed by the 
addition of the coarse aggregate.  For internal curing mixtures, the LWA would soak in 
the required mixing water (the water required for the desired w/c, as well as additional 
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curing water) for a 24 ± 1 hour period prior to mixing.  Values of LWA absorption for a 
24-hour period were used in the mixture designs for these tests.  The curing methods used 
for each experiment will be discussed individually where applicable.   
 
2.6.2.1 Chemical Shrinkage 
The goal of internal curing is to replace water that is consumed by the hydration reaction 
(i.e., chemical shrinkage).  Chemical shrinkage is defined as “the volume reduction 
associated with the reaction between cement and water in hydrating cement paste” (Bentz, 
1995).  While a typical chemical shrinkage for portland cement is on the order of 0.07 
mL/g cement, the values for fly ash and slag can be 2 and 3 times greater, respectively 
(Bentz, 2007).   For any binder of interest, the chemical shrinkage of a paste specimen is 
measured using the ASTM C1608 – 12 standard test method.  The test was performed on 
a mixture with a 20% replacement, by mass, of portland cement with fly ash (as is the 
case with the investigated concrete mixtures).  The binder was mixed using a Twister 
Evolution 120V high shear (vacuum) mixer.  The dry materials mixed for 15 seconds at 
350 rpm, followed by the addition of water with mixing for 90 seconds at 350 rpm.  The 
walls were and blades were then scraped to and the mixing continued for 60 seconds at 
450 rpm.  Three glass vials were filled with approximately 5mm of paste.  Clean, de-
aerated water was then filled to the top of the vial, with caution to not disturb the paste.  
A stopped and graduated capillary tube was inserted into the vial.  The capillary tube was 
then filled with water to the zero line at the top.  Measurements were then taken visually 
every 30-60 minuets for the first 8 hours and at a 24-hour period.  They were then 
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monitored periodically over the following month.  A control tube to monitor evaporation 
was also considered and corrections were made in the chemical shrinkage calculations. 
 
2.6.2.2 Autogenous Shrinkage 
Before discussing the testing methodologies, it is beneficial to provide an explanation of 
autogenous shrinkage.  This form of shrinkage is defined as the volume change occurring 
with no moisture being transferred to the surrounding environment.  Autogenous 
shrinkage is a result of chemical shrinkage.  It is an external volume reduction under 
isothermal, sealed conditions.  An illustrative comparison, an adaption from PCA 
(D’Ambrosia and Mohler, 2009), of chemical shrinkage and autogenous shrinkage can be 
seen in Figure 2.7 to better understand these descriptions. 
 
Based on the protocol developed for cement paste (Jensen et al., 1995), a modified 
version of ASTM C1698 – 09, the standard test method for measuring autogenous strain 
of cement paste and mortar, was used to account for the role of coarse aggregates.  
Concretes containing coarse aggregates are of interest for this study, as some mixtures 
rely on these larger aggregates for the source of IC water.   
 
An image of the modified autogenous strain test can be seen in Figure 2.8.  The figure 
shows a corrugated tube, in which concrete is placed via rodding and vibration in 3 lifts, 
paying close attention to be sure each rib of the tube is completely filled.  A corrugated 
tube is used to allow for expansion in the longitudinal direction, while providing stiffness 
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Figure 2.7: Illustration of the difference between chemical and autogenous shrinkage 
(after D’Ambrosia and Mohler, 2009). 
 
 
in the radial direction.  This forces expansion and shrinkage to occur only in a one-
dimensional manner such that the material response can be monitored.  Immediately after 
casting, the tube is placed in the testing apparatus.  Concrete is place in the tube such 
thatit is completely sealed and placed on a “friction free” base to allow for unrestricted 
expansion and contraction.  The room in which the test is run is kept constant at 50 ± 1% 
RH and 23 ± 1°C.  A linear variable differential transformer (LVDT) displacement 
transducer was placed at each end of the tubes to automatically measure changes in 
length over time.  
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Figure 2.8: Modified version of ASTM C1698 – 09 to measure the autogenous shrinkage 
of a concrete specimen. 
 
 
2.6.2.3 Restrained Shrinkage 
The dual ring test was used to quantify stress development that is due to deformations of 
each of the desired mixtures.  Similar to ASTM C1581/C1581M – 09a, single ring test 
for shrinkage stress, the concrete dual ring test was built specifically to monitor both 
expansion and contraction in the mixtures.  It consists of two instrumented concentric 
invar restraining rings that operate in an insulated and temperature controlled chamber 
(Radlinska et al., 2007; Schlitter et al., 2010; Schlitter et al., 2011).  For this test, a 
concrete specimen was cast between the inner and outer rings in two lifts, being vibrated 
after each lift, then trowel finished.  The rings and concrete specimen sit upon a base 
plate, which is temperature controlled through a water bath.  See Figure 2.9 for an image 
on the dual ring setup.  After casting, the water bath is used to maintain a constant 
LVDT’s 
Sample Frictionless Supports 
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temperature in the base plate.  The rings, concrete specimen, and base plate are then 
placed inside an insulted chamber to maintain a constant temperature and humidity for a 
defined period of time.  This eliminates any effects that could be attributed to thermal and 
drying stress buildup. 
 
After 7 days of isothermal stress buildup, the temperature of the plate drops at a rate of 
2°C/hour to induce stresses in the sample.  This rate is very important, as it has been 
shown to control temperature gradients in the concrete specimen (Schlitter et al., 2011).  
Based on geometry, the inner and outer rings have an approximate degree of restraint 
(DOR) of 70% and 40%, respectively.  Strain measurements were automatically recorded 
and used to determine the stress development and age of cracking in the sample. 
 
 
Figure 2.9: Dual ring test used to monitor stresses while creating restrained boundary 
conditions for the concrete. 
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2.6.2.4 Drying Shrinkage 
The drying shrinkage was measured in accordance with ASTM C157/C157M – 08, the 
standard test method for length change of hardened hydraulic concrete.  It should be 
noted that this test method measures the sum of drying and autogenous shrinkage, as the 
first measurement is taken at a time of 24 hours after casting.   
 
Sets of three 3 in wide by 3 in tall by 11 ¼ in long [75 mm by 75 mm by 285mm] 
samples were cast for each mixture to study the drying shrinkage.  Gage studs were 
embedded into the ends of each sample.  The specimens were cast in two lifts, being 
rodded 25 times and vibrated after each lift, and then trowel finished on the top surface.  
After a 24 ± 2 hour period the specimens were removed from the molds and an initial 
comparator reading was obtained.  They were then bag sealed, and placed in a moist 
chamber at 23 ± 1°C [73.5 ± 1.5 °F] for a 28-day curing period.  After the curing period, 
the specimens were removed from the sealed condition and a comparator reading was 
taken.  The concrete specimens were then placed in a 50 ± 1 %RH and 23 ± 1°C chamber 
for drying.  
 
2.6.3 Results and Discussions 
2.6.3.1 Chemical Shrinkage 
A plot of chemical shrinkage over time can be seen in Figure 2.10.  As noted earlier in this 
report, in order to create mixture designs and begin casting, the investigative team 
assumed a chemical shrinkage value of 0.064 mL/g.  From the data presented in Figure 
2.10 an ultimate chemical shrinkage value was estimated to be approximately 0.075 mL/g, 
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therefore the initial assumption is valid.  The ultimate chemical shrinkage value 
represents the total chemical shrinkage at 100% degree of hydration, or full reaction of 
the cement-fly ash blend with water.  This was determined through linear extrapolation 
by plotting the chemical shrinkage against the inverse of a time and estimating the 
intercept (i.e., chemical shrinkage at an infinite time).  A 100% degree of hydration, or 
ceasing of chemical shrinkage, is estimated to be around 185 days for this blend of 
cement and fly ash.  
 
 
Figure 2.10: Plot of average chemical shrinkage, in mL per gram of cementitious binder. 
 
2.6.3.2 Autogenous Shrinkage 
The results of the evaluated mixtures for autogenous shrinkage can be seen in Figure 2.11 
and Figure 2.12.  These represent the strain due to sealed, isothermal volumetric changes 
in the concrete mixtures.  The data presented monitors autogenous deformations and 
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internal temperature for a period of 7 days.  Negative values represent shrinkage of the 
material, while positive values represent expansion.  The results presented are the 
deformations corrected to the time of set, which was assumed to be a constant value for 
all presented mixture.  A time of 6 ½ hours was chosen based on a derivative analysis for 
the standard mixture (Sant et al., 2009). 
 
Figure 2.11 (a) presents the results of the standard Class H mixture, in which autogenous 
shrinkage was measured up to approximately 30 microstrain.  IC mixtures, as seen in 
Figure 2.11 (b), (c), (d), and (e) show swelling (or expansion) in the concrete, which is 
caused from the water present in the LWA.  As the cementitious material hydrates and 
vapor filled spaces form, water from the LWA is pulled fill these spaces, causing 
expansion in the overall system.  As time increases the water will redistribute in the 
matrix and swelling will subside.  The swelling starts to reduce in Mixture 2 as the age of 
the specimen approaches 7-days.  If the autogenous strain were to be measure over much 
longer period of time, the concrete will relax and the measured strain would be nearly 
zero.  
 
Figure 2.11 (c), where twice the amount of chemical shrinkage is replaced with pre-
wetted fine LWAs, shows larger initial swelling than the standard replacement, i.e., 
Mixture 2 in Figure 2.11 (b).  Figure 2.11 (d) displays a similar behavior to that of Figure 
2.11 (b).  It was earlier noted that proper distribution of aggregates for IC purposed 
couldn’t be achieved with coarse LWA.  While this still holds true, the expansion seen 
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here is occurring simply due to water leaving the LWA pores, as it does in the other IC 
systems, pushing outwards and creating expansive forces. 
 Note the change in the y-axis maximum value in Figure 2.11 (e), as Mixture 5 has so 
much excess water that it continues swelling over the 7-day period by trying to force 
water through the pore space.  At some point later in time the swelling would eventually 
subside, however it would take a much longer time than the other mixtures presented. 
 
Figure 2.12 (a) – (d) presents the strain due to sealed, isothermal volumetric changes in 
Mixtures 6 – 9, respectively.  The ‘recommended dosage’ of internally cured mixture 
from different suppliers (i.e., Figure 2.12 (a) and (b)), display the same response as seen 
in the Figure 2.11 (b).  These mixtures demonstrate initial swelling with eventual 
relaxation after water has been pulled from the LWA pores.  Figure 2.12 (c) and (d) look 
relatively similar, in which there is initial expansion from the mixture, followed by 
relaxation.  Figure 2.12 (c), standard Class D mixture, shows a slight shrinkage towards 
the end of the testing life, where Figure 2.12 (d) relaxes to a value of zero.  This 
similarity is due to the nature of the higher w/c mixture, in which high shrinkage is not 
prevalent. 
 
2.6.3.3 Restrained Shrinkage 
The results of the evaluated mixtures from restrained shrinkage can be seen in the 
following figures.  Note that each of these mixtures have somewhat low amounts of 
shrinkage occurring in the system.  Past dual ring experience has shown a high stress 
buildup in plain mixtures and relatively low stress buildup in IC mixtures (Schlitter et al.,  
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Figure 2.11: Results for the autogenous strain developed in Mixtures 1 – 5, are shown in 
Figures (a) – (e), respectively. 
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Figure 2.12: Results for the autogenous strain developed in Mixtures 6 – 9, are shown in 
Figures (a) – (d), respectively. 
 
2010).  However, those mixtures consisted of mortar, having much higher paste contents.  
Introducing coarse aggregate into the cement matrix removes a large amount of paste and  
DOT Specification Section 601 (2001a; 2011b), a relatively high total aggregate content 
of 74% was used (as noted in Section 2.4.2 of this report).  A general rule of thumb for 
controlling shrinkage in concretes is to replace the part of the system that shrinks (i.e., 
paste) with more of what doesn’t shrink (i.e, coarse aggregate).   
 
These mixtures also have a relatively high w/c, in which large capillary pores form.  
Since stress buildup is related to the size of pores being emptied, a much larger difference 
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would be noticed between the plain and IC mixtures if a lower w/c were used.  Therefore, 
the reason for such low shrinkage in the standard mixture is due a high aggregate content 
(which replaces paste content) and that the w/c is high, which accommodates shrinkage in 
the system. 
 
Figure 2.13 (a) – (e) present the tensile stress buildup due to restrained conditions in an 
isothermal environment.  The data presented monitors the residual tensile stress 
development for a period of 7 days, at which point the temperature is dropped at a rate of 
2°C/hour until a significant crack develops.  Significant crack development refers to the 
peak in the data in which stress then rapidly changes to a highly negative value, attributed 
to crack propagation.  The increasing slope prior to cracking is often referred to as the 
reserve capacity of the sample.  The results presented are the tensile stress developments 
that have been corrected to the time of set, assumed to be a constant value for all 
presented mixtures.  A time of set of of 6 ½ hours was chosen based on a derivative 
analysis from autogenous shrinkage (Section 2.6.3.2). 
 
Figure 2.13 (a) presents the results of the standard Class H mixture, where stress 
development occurred for the first 7 days, at which time the temperature dropped.  The 
“flatter” curves for the IC mixtures, as seen in Figure 2.13 (b), (c), (d), and (e), represent 
less stress buildup/ shrinkage in the sample.  A negative stress, or expansive force, is 
noticed for approximately the first 4 days in Figure 2.13 (d) and up to the point of 
temperature drop in Figure 2.13 (e).  This is likely due to the phenomena of swelling, in 
which water is pushing its way through the system, as was described in Section 2.6.3.2. 
59 
 
Figure 2.14 (a) – (d) present the tensile stress buildup due to restrained conditions in an 
isothermal environment.  Figure 2.14 (a) and Figure 2.14 (b) represent the residual tensile 
stress buildup for IC mixtures with additional LWA suppliers.  Both mixtures show 
similar results to that of Figure 2.13 (b), which were designed using the same concept of 
replacing only the water lost to chemical shrinkage, but with differing LWA suppliers.  
Figure 2.14 (c) and (d) present the dual ring results for the standard and IC Class D 
mixtures, respectively.  It can be seen that the standard Class D mixture does not have a 
significant stress buildup, as this mixture has a 0.45 w/c.  This agrees with the notion that 
high residual stresses are not developed in mixtures where large capillary pores are 
formed, i.e. high w/c mixtures.  Consequently, no notable differences can be observed 
from the standard to IC Class D mixture, as it relates to restrained shrinkage.  
Furthermore, the Class D mixtures crack (or are relieved of positive stress formation) at a 
lower residual tensile stress, approximately 1-2 MPa lower.  
 
The take-away from these results is that a lower stress is developed for IC mixtures than 
for mixtures not utilizing IC methods.  This is more apparent in lower w/c mixtures 
where smaller pore sizes are being emptied through chemical shrinkage and self-




Figure 2.13: Results for the residual tensile stress developed in the preliminary mixtures, 




Figure 2.14: Results for the residual tensile stress developed in the optimized mixtures, 
mixtures 6 – 9, are shown in figures (a) – (d), respectively. 
 
2.6.3.4 Drying Shrinkage 
The results from ASTM C157/C157M – 08, monitoring of length change in a drying 
condition, are presented in this section.  Once the initial measurements were recorded (24 
hours after water-cement contact), the samples were bag sealed and placed in a moist 
curing chamber until an age of 28 days.  Immediately following removal from a bag 
sealed condition (prior to exposure to drying) length measurements were taken.  The 
length change while the specimens were in a sealed condition was then calculated.  This 
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measurement is shown at a time of zero days in the following plots (i.e., the specimen 
had been exposed to drying for zero days).  The zero time length measurement captures 
the shrinkage that has taken place in a sealed condition, without exposure to drying.  
With that being said, one should recognize that this test does not capture early age 
shrinkage (i.e., the first 24 hours).  This has been shown in the previous sections to be an 
important part in quantifying total shrinkage of concrete. 
 
The results shown are an average of three samples, where length change, ΔLx, is 
calculated by Equation 2.2, in which CRD is the difference between the comparator 
reading and reference bar at any age and G is the gage length (in this case G  = 10in). 
 
    
              
 
 (Equation 2.2) 
 
The drying shrinkage results for the evaluated mixtures can be seen in Figure 2.15.  It is 
clear that all IC mixtures performed better than the standard Class H mixture.  The IC 
mixtures have less shrinkage than the standard mixture after the 28 day period as well as 
throughout the exposure to drying.  This is due to the fact that additional moisture is 
present in the matrix to keep the internal RH level higher for a longer period of time.  In 
turn, this will help to minimize stress buildup when exposed to low RH environments.  
While most mixtures show a shrinkage response throughout curing, Mixture 5 and 
Mixture 9 shows expansion throughout the curing process.  This is consistent with the 
autogenous shrinkage and restrained shrinkage test results. 
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As is the case with the preliminary mixture, all IC mixtures show benefits in drying 
shrinkage when compared to the respective standard mixture.  Mixtures 6 and 7, where 
alternative LWA suppliers were used, both show a decrease in shrinkage from standard 
Class H mixture.  Additionally, the Class D mixture is also beneficial when IC practices 






Figure 2.15: Evaluated mixtures drying shrinkage results at 50% RH after 28 day sealed 
curing period, normalized to gauge length. 
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2.6.4 Summary and Conclusions 
This section investigated the shrinkage properties of both standard and internally cured 
Colorado DOT Class H and D mixtures.  The shrinkage properties presented consist of 
the chemical, autogenous, restrained, and drying shrinkage for each of the nine mixtures. 
Results from this section can be summarized as follows: 
 The ultimate chemical shrinkage was found to be 0.075 g/mL of cementitious 
material for the mixture composition used in this study, which is somewhat 
consistent with the assumed value in the mixture design process. 
 Internally cured mixtures prevent autogenous shrinkage and cause expansion (or 
swelling) in a sealed system.  This expansion will eventually relax out over time 
as hydration of the cement subsides.  
 Shrinkage of the 0.42 standard Class H mixture (Mixture 1) was on the order of 
30 micro-strain versus swelling of approximately 20 micro strain for the 
“recommended IC” (i.e. LWA used to replace the water lost to chemical 
shrinkage) mixtures.   
 Restrained shrinkage showed that IC concrete reduced the residual stress buildup 
in the material, however this was not as apparent in these “higher” w/c mixtures 
as it would be when comparing a lower w/c with the IC counterpart.   
 Internally cured mixtures show improved drying shrinkage performance, since 
water is present in the matrix to maintain a high RH in the samples as the surface 
dries.  However, one should realize the shortcomings of performing only the 
drying test, as the test does not account early age shrinkage.  
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2.7 Evaluation of Fluid Transport Properties 
2.7.1 Introduction 
This section presents the fluid transport properties of the evaluated mixtures.  The 
transport properties presented consist of porosity, water absorption, and ionic species 
transport for each mixture.  The test methods and casting procedures will be discussed 
first, followed by the results and discussions. 
 
2.7.2 Mixing, Placing, and Curing Procedures 
Materials were batched and mixed in accordance with the procedure presented in Section 
2.4.3.  For internal curing mixtures, the LWA soaked in the required mixing water (the 
water required for the desired w/c, as well as additional curing water) for a 72 ± 4 hour 
period prior to mixing.  For transport property testing, water absorption and ionic 
transport, samples for testing were allotted at least a 91-day curing period in a sealed 
environment.  
 
2.7.2.1 Ionic Transport 
The diffusion coefficients, tortuosity, and permeability for ionic species were measured 
using STADIUM Lab software and a migration cell (SIMCO Technologies Inc., 2011).  
The test method is a modified version of ASTM C1202 – 12, where the electrical current 
passes through a 4 in diameter by 2 in thick [100 mm by 50 mm] specimen was 
monitored over a 14-day period.  The samples used for this test were cut from a set of 4 
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in diameter by 8 in long concrete cylinders that were sealed and placed in a moist 
chamber at 23 ± 2 °C for a minimum of 91 days. 
 
After the samples were cut in accordance with the STADIUM user manual (SIMCO 
Technologies Inc., 2011), the sides of the samples were sealed with an epoxy.  They were 
then vacuum saturated with a 0.3 M NaOH solution.  A vacuum condition was held at a 
pressure of 20 mm Hg at 60 ± 1 °C for 3 hours.  Solution was then added to the samples, 
while remaining in a vacuum state to de-aerate the NaOH solution for an additional 1 
hour.  The vacuum was then turned off and the samples remained in the NaOH solution 
for a minimum time of 16 hours.  Once saturated, the samples were mounted between a 
cell filled with 0.3 M NaOH solution (downstream) and a cell filled with 0.5 M NaCL + 
0.3 M NaOH solution (upstream).  A constant DC potential of 20V was maintained 
across the specimen for 14 days while the voltage, current, and temperature were 
measured and recorded.  Refer to the STADIUM Lab user guide (SIMCO Technologies 
Inc., 2011) for an illustration of the SIMCO migration cells used for this portion of the 
study.  
 
In conjunction with the migration cell testing, the volume of permeable voids of the 
samples was determined in accordance with ASTM C642 – 13, with the exception that 
the boiling water method of saturating the samples was replaced with vacuum saturation.  
Vacuum saturation was performed in the same manner as previously discussed in this 
section, with the exception of water being used in place of the NaOH solution. 
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In conjunction with the migration cell testing was the drying test, as prescribed by the 
STADIUM user manual (SIMCO Technologies Inc., 2011), for moisture transport 
properties.  For this test sets of three 10 ± 1mm and three 50 ± 2 mm thick specimens, 
also with a 91 days curing time, were cut and epoxied along the sides.  Per STADIUM 
user manual (SIMCO Technologies Inc., 2011), these samples were placed in limewater 
for a minimum of two weeks, until a constant mass had been obtained.  They were 
removed from the limewater, which point the initial and buoyant masses were obtained.  
The samples were then placed in a 50 ± 1 %RH and 23 ± 1°C chamber for drying.  The 
masses were monitored and recorded daily for the first week, every other day for the 
second week, and twice per week until a total of 30 days was reached. 
 
The results from the migration cell, volume of permeable voids, and drying test were 
used in the STADIUM Lab software to evaluate the ion diffusion coefficients, tortuosity, 
and permeability of the samples.  
 
2.7.2.2 Water Absorption 
Water absorption was determined in accordance with a modified version of ASTM 
C1585 – 13.  Sets of 4 in diameter by 8 in tall [100 mm by 200mm], cylinders were cast 
to study the absorption rate of each mixture.  The cylinders were cast in two lifts, being 
vibrated and rodded 25 times after each lift.  After one day of curing in their molds, the 
cylinders were demolded, bag sealed, and stored in a moist chamber at a temperature of 
23 ± 1 °C until testing, which occurred after 91 days.  Upon completion of the curing 
period 4 in diameter by 2 in thick [100 mm by 50 mm] samples were cut from the middle 
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6 in section of these samples using a concrete wet saw.  Once cut, the sides of the 
samples were sealed with epoxy.  Samples for absorption testing were taken from 
different cylinders to eliminate bias.  
 
Castro et al. (2011) has shown that the conditioning method prescribed by ASTM C1585 
– 13 can generate large inconsistencies in the standardized absorption test.  Therefore, a 
way to insure consistency in conditioning between mixtures was necessary.  To do this, 
the porosity of each mixture was used to calculate a desired mass at which approximately 
50% of the capillary voids would be filled with water.  These calculations were done 
under the assumptions that the water density was 1000 kg/m
3
 and that the samples were 
exactly 2 inches in height and 4 inches in diameter. The samples were vacuum saturated 
(by the method discussed in the previous section).  A saturated surface dry mass for each 
sample was then obtained and a desired mass at which 50% of the capillary porosity 
would be filled with water was calculated.   
 
The samples were then placed in a vacuum oven at a pressure of 685 mm Hg at 60 ± 1 °C 
(the temperature is the maximum permissible temperature to avoid damaging of the 
microstructure), being monitored daily until the desired mass was reached.  Once each 
sample obtained the desired mass, the samples were double-bag sealed for at least the 
same amount of time in which they were in the vacuum oven.  This is to allow for 
moisture redistribution in the samples.   
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Prior to testing, the tops of the samples were covered with impermeable plastic and the 
initial mass was recorded.  The samples were then placed on supports inside containers, 
which were filled with water such that the water level was approximately 1/8 in (3 mm) 
above the bottom of the sample.  The containers were refilled throughout the test to 
maintain this water level.  The mass of each sample was then taken at the prescribed 
intervals set forth in ASTM C1585 – 13, with the test ending after 8 days of water 
absorption. 
 
Upon completion of the absorption testing, the degree of saturation of each of these 
samples was determined by first oven drying the samples until a mass equilibrium of ± 
0.01% was reached.  Using the mass at any time throughout the test, the oven dry mass, 
and the saturated mass, the degree of saturation throughout testing was calculated for 
each sample. 
 
2.7.3 Results and Discussion 
2.7.3.1 Ionic Transport 
The following section presents results obtained through migration cell testing, including 
the volume of permeable voids (using vacuum saturation), the chloride diffusion 
coefficient, tortuosity, and permeability.  The latter values are calculated using 
STADIUM Lab from the results of the migration cell and drying tests.  The presented 
results are based on a simulation done by analysis of testing results along with the 
mixture design, cementitious material composition, volume of permeable voids, and 
sample geometry.  It should be noted that the simulation is designed for standard 
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mixtures, i.e. not for mixtures using LWAs.  Therefore, a weighted average for the 
specific gravity and a total quantity for density was used for an accurate manipulation of 
the inputs for IC mixtures.  
 
The results from the evaluated mixtures ionic transport testing can be found in Table 2.14.  
Comparison of the results shows a slight increase in porosity (about 10%) for the LWFA 
mixtures, which can be attributed to the addition of porous particles.  This is 
demonstrated even more for the mixtures that introduce LWCA, in which the increase in 
porosity is up to approximately 80%.  All IC mixtures show a decreased diffusion and 
tortuosity (which are directly proportional, as calculated by the software) by around 40% 
and 50%, respectively.  This is due to an increase in hydration of the cementitious 
material, resulting in discontinuity of the pore structure.  The permeability of Mixtures 2 
and 4 decrease with respect to Mixture 1, while an increased permeability is seen for the 
other Class H mixtures.  While the permeability change for Mixture 4 is negligible 
(compared to other changes) a decrease of about 25% is seen in Mixture 2.  The increase 
in permeability for Mixture 3 and the drastic increase for Mixture 5 can attributed to the 
large amounts of big pores that are present in the matrix.  A slight increase in permeable 
voids (about 10%) for the LWFA mixtures is noticed where two other suppliers were 
used (i.e., Mixtures 6 and 7), which can be attributed to the addition of porous particles.  
The change in porosity from the standard Class D mixture to the Class D IC mixture is 
negligible.  Mixtures 6 and 7 show about a 60% and 30% decrease in the diffusion 
coefficients and tortuosity from the standard Class H mixture, respectively. The diffusion 
and tortuosity for the IC Class D mixture decreases by about 65%.  The permeability for 
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mixtures 6 and 7 decrease from the standard Class H, however the IC Class D mixture 
increases in permeability.  The chloride diffusion coefficient is reduced in all IC mixture, 
when compared to their non-IC mixture. 
 
Table 2.14: Tabulated results for volume of porosity, chloride diffusion coefficients, 

















Mix 1: Standard Class H 14.7 1.98 0.0097 2.65 
Mix 2: LWFA 1 x CS 16.4 1.15 0.0057 1.94 
Mix 3: LWFA 2 x CS 16.5 0.99 0.0049 3.47 
Mix 4: CLWA 1 x CS 18.5 1.16 0.0057 2.35 
Mix 5: 100% CLWA Repl. 26.7 0.92 0.0045 21.47 
Mix 6: IC Buildex 16.2 0.83 0.0041 2.19 
Mix 7: IC Utelite 16.9 1.33 0.0065 2.52 
Mix 8: Standard Class D 17.2 2.76 0.0258 3.46 
Mix 9: IC Class D 17.4 0.99 0.0049 4.06 
 
2.7.3.2 Water Absorption 
The results of the ASTM C1585 – 13 water absorption test and the associated change in 
degree of saturation (DOS) for each mixture can be seen in Figure 2.16 through Figure 
2.24.  Plot (a) shows the calculated absorption values (per ASTM C1585 – 13) with 
respect to the square root of time, in seconds.  It should be noted that the calculation set 
forth by ASTM C1585 – 13 does not determine the maximum depth at which water has 
penetrated in the sample.  The calculation is a mass based representation of the depth 
water would reach if the concrete volume space was filled entirely with water, i.e. 
volume of voids is not a consideration in the calculation.  Plot (b) shows the change in 
DOS with respect to time, in days.  The DOS is calculated here as the ratio of the current 
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amount of absolute absorbed water to the total possible amount of absorbed water.  The 
initial and secondary sorption values, final water penetration depth, and initial and final 
DOS for each mixture are listed in Table 2.15.  Note that the values listed in this table are 
averages of the two samples tested.  The advantage of normalizing the results by DOS is 
the ability to determine whether the specimens reach the suggested critical DOS of about 
86%, beyond which freeze-thaw damage can initiate (Fagerlund, 1977; Li et al., 2011). 
 
Similar results are noticed in comparing the absorption rates of internally cured mixtures 
to the standard counterparts.  However, a slightly higher rate of initial absorption is 
noticed for some IC mixtures.  This likely due to interfacial effects from empty LWAs on 
the surface.  Since the exposed face for testing in cut from the center of a cylinder, LWAs 
on the surface will dry prior to testing (as the pores are much larger than those in the 
paste).  If pores of the LWA dry out, they will absorb more water than paste pores.  The 
slightly higher secondary rate of absorption is also likely attributed to the lightweight 
aggregate particles, as the dry desorbed aggregate is taking in more water than the 
standard mixture.  However, no significant differences are present in when comparing the 
standard and IC mixtures, with the exception of the mixtures that use coarse LWA.  The 
higher sorption rate for Mixture 7 is likely due to the larger absorption capacity of Utelite 
aggregate (as shown in Section 2.3.2.2).  Mixture 9 has a large sorption rate than Mixture 
8, which may be due to the lower initial degree of saturation.  When the water absorption 
results are normalized to the change in DOS it can be seen that none of the mixtures 
reach the critical DOS, with the maximum DOS of any of these mixture being about 60% 
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after 8 days of absorption testing. with the maximum DOS of any of these mixtures being 
77% after 8 days of absorption testing. 
 
 
Figure 2.16: (a) Water absorption and (b) DOS for Mixture 1 – Standard Class H 
 
 
Figure 2.17: (a) Water absorption and (b) DOS for Mixture 2 – LWFA 1 X CS 
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Figure 2.18: (a) Water absorption and (b) DOS for Mixture 3 – LWFA 2 X CS 
 
 




Figure 2.20: (a) Water absorption and (b) DOS for Mixture 5 – 100% LWCA Repl. 
 
 




Figure 2.22: (a) Water absorption and (b) DOS for Mixture 7 – IC Utelite 
 
 
Figure 2.23: (a) Water absorption and (b) DOS for Mixture 8 – Standard Class D 
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Table 2.15: Tabulated values for the initial and secondary absorption rates, 8-day depth 














Mixture 1: Standard Class H 6.66E-03 3.49E-04 1.41 36% 53% 
Mixture 2: LWFA 1 x CS 6.68E-03 4.02E-04 1.52 36% 57% 
Mixture 3: LWFA 2 x CS 7.49E-03 4.20E-04 1.75 30% 50% 
Mixture 4: CLWA 1 x CS 8.72E-03 6.57E-04 2.39 17% 43% 
Mixture 5: 100% CLWA Repl. 8.91E-03 7.19E-04 2.13 36% 59% 
Mixture 6: IC Buildex 6.44E-03 4.82E-04 1.69 27% 47% 
Mixture 7: IC Utelite 7.94E-03 4.32E-04 1.82 30% 52% 
Mixture 8: Standard Class D 5.90E-03 3.82E-04 1.28 58% 77% 
Mixture 9: IC Class D 8.74E-03 4.33E-04 1.93 41% 61% 
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2.7.4 Summary and Conclusions 
This section investigated the transport properties of both standard and IC Colorado DOT 
Class H and D mixtures.  The transport properties presented consist of ionic transport and 
water absorption for each of the nine mixtures. Results from this section can be 
summarized as follows: 
 Internally cured concrete shows a reductions in the chloride diffusion coefficient 
and tortuosity compared to standard mixtures.  
 The reduced diffusion and tortuosity is attributed to increased hydration from 
internal curing and is beneficial even though the volume of porosity is increases. 
 Permeability is decreased for Class H mixture for the “recommended IC” (i.e. 
LWA used to replace the water lost to chemical shrinkage). 
 Internally cured mixtures are comparable to standard mixtures as it relates to 
water absorption.  Higher values are attributed to exposed (and empty) LWA 
particles that reabsorb water during this test. 
 All mixtures are below what is considered the ‘critical DOS’ after eight days of 






2.8 Chapter Summary and Conclusions 
This chapter evaluated nine mixtures, both standard and internally cured.  The chapter 
presented insight into designing an internally cured mixture and an evaluation of the 
constituent and lightweight materials.  The purpose of this chapter served to provide an 
evaluation of the performance properties of these mixtures. Namely, the fresh, 
mechanical, shrinkage, and transport properties were evaluated to show the benefits of 
properly internally cured mixtures.  The major results from this section can be 
summarized as follows: 
 Mixtures containing LWA’s (i.e., IC mixtures) have a lower density than the 
standard mixtures, as expected. 
 In compression, the IC mixtures for most cases performed better than the standard 
mixture.  The increase in compressive strength is attributed to the increased 
hydration caused through internal curing.  These findings are consistent with work 
done by Golias et al. (2012). 
 All IC mixtures showed a reduction in the modulus of elasticity, which is 
attributed to the addition a material that has reduced stiffness, i.e. LWA. 
 IC mixtures prevent autogenous shrinkage and cause expansion (or swelling) in a 
sealed system.  This expansion will eventually relax out over time and hydration 
of the cement subsides.  
 Shrinkage of the 0.42 mixture was on the order of 30 micro-strain for the standard 
Class H mixture and the swelling 20 micro strain for the “recommended IC” (i.e. 
LWA used to replace the water lost to chemical shrinkage) mixtures.   
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 Restrained shrinkage showed that IC concrete reduced the residual stress buildup 
in the material, however this was not as apparent in these “higher” w/c mixtures 
as it would be when comparing a lower w/c with the IC counterpart.  For example 
little difference was noted for the Class D mixture, in which a 0.45 w/c was used. 
 IC mixtures show improved drying shrinkage performance, since water is present 
in the matrix to continue hydration as the surface dries.  However, one should 
realize the shortcomings of performing only the drying test, as the test does not 
account early age shrinkage.  
 IC concrete reduces the chloride diffusion coefficient and tortuosity up to 67% 
compared to standard mixtures.  
 The reduced diffusion and tortuosity is attributed to increased hydration from 
internal curing and is beneficial even though the volume of porosity is increases. 
 Permeability is decreased for Class H mixture for the “recommended IC” (i.e. 
LWA used to replace the water lost to chemical shrinkage). 
 Internally cured mixtures are comparable to standard mixtures as it relates to 
water absorption.  Higher values are attributed to exposed (and empty) LWA 
particles that reabsorb water during this test. 
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CHAPTER 3. EVALUATION OF FREEZING AND THAWING BEHAVIOR OF 
INTERNALLY CURED CONCRETE 
3.1 Introduction 
This chapter presents the results of the nine mixtures with respect to their resistance to 
scaling and rapid freeze-thaw durability.  In addition, this chapter studies the freeze-thaw 
durability of additional mixtures.  A section is presented in which mixtures use super 
absorbent polymers (SAPs) to provide the IC water and a section in which the w/c is 
varied among the IC mixtures evaluated.  The test methods and casting procedures will 
be discussed first, followed by the results and discussions.  The objective of this study is 
to investigate and provide insight into the freeze-thaw performance of internally cured 
concrete mixtures. 
 
3.2 Evaluation of Colorado DOT Internally Cured Mixtures 
3.2.1 Mixing, Placing, and Curing Procedures 
Materials were batched and mixed in accordance to the procedure presented in Section 
2.4.3.  For IC mixtures, the LWA was soaked in the required mixing water (the water 
required for the desired w/c, as well as additional curing water) for a 72 ± 4 hour period 
prior to mixing.  The curing methods used for each experiment will be discussed 
individually where applicable, as curing methods used for a particular test may not be a 
desirable method for another.  Fresh properties of the concrete were taken and can be 
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found in Table 2.10 and Table 2.11.  Special attention was taken to ensure that the air 
content of each mixture was within the range of 5-8%, a range which has been proven 
effective is freeze-thaw resilient mixtures. 
 
3.2.1.1 Rapid Freezing and Thawing 
The rapid freezing and thawing durability of each mixture was determined in accordance 
with ASTM C666/C666M – 03(2008), Procedure A.  Sets of three 4 in wide by 3 in tall 
by 16 in long samples were cast for each mixture to study the resistance to rapid freezing 
and thawing.  The specimens were cast in two lifts, being vibrated and rodded 25 times 
after each lift, and trowel finished on the top surface.  After a 24 ± 2 hour period the 
specimens were removed from the molds, bag sealed, and placed in a moist chamber at 
23 ± 1°C [73.5 ± 1.5 °F] for a 14-day curing period.   
 
After the curing period, the specimens were removed from the bags brought to the target 
internal thaw temperature, within -1°C and +2°C [-2°F and 4°F].  At this point the 
concrete specimens masses were determined and they were tested for transverse 
frequency.  All transverse frequency testing was performed in accordance with ASTM 
C215 – 08.  After initial measurement were determined, specimens were placed in a pan 
with water, such that all faces were completely surrounded by not less than 1/32 in. [1 
mm] nor more than 1⁄8 in. [3 mm] of water at all times while being subjected to freezing-
and-thawing cycles.  The pans containing the concrete specimens surrounded by water 
were then placed in a chamber that underwent freeze-thaw cycling, which consist of 
alternately lowering the internal temperature of the specimens from 40 to 0 °F [4 to -
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18 °C] and raising it from 0 to 40 °F [-18 to 4 °C] in 4 ½ ± ½ hour.  Specimens were 
removed at the desired thaw temperature and tested approximately every 36 cycles, until 
a total of 300 cycles, or until its relative dynamic modulus of elasticity reached 60% of 
the initial modulus, whichever occurred first.  Relative dynamic modulus of elasticity is 
calculated by Equation (3.1), as follows: 
 
     
  
 
   
       [%] Equation (3.1) 
 
where, P(c) is the relative dynamic modulus of elasticity, after c cycles of freezing and 
thawing, n0 is the transverse frequency at 0 cycles of freezing and thawing, and nc is the 
transverse frequency after c cycles of freezing and thawing.  
 
3.2.1.2 Scaling Resistance to Deicing Chemicals 
The scaling resistance of each mixtures horizontal concrete surface exposed to freezing 
and thawing in the presence of deicing chemicals was determined in accordance with 
ASTM C672/C672M – 12 combined with the Ontario Ministry of Transportation’s 
(MTO’s) scaling test (MTO LS-412).  The intent for using a combination of these 
standards was to evaluate the surface resistance of the mixtures through both qualitative 
and quantitative examination.  Sets of three 7 ½ in wide by 3 in tall by 10 in samples 
were cast for each mixture to study the scaling resistance to rapid freezing and thawing.  
The specimens were cast in two lifts, being vibrated and rodded 25 times after each lift.  
The samples were finished using a steel trowel by the same person with the intent of 
maintaining consistency of the finished surface.  After a 24 ± 2 hour period the specimens 
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were removed from the molds, bag sealed, and placed in a moist chamber at 23 ± 1°C 
[73.5 ± 1.5 °F] for a 14-day “moist storage” curing period.  The specimens were then 
removed from the bags and placed in a chamber at 50 ± 1 %RH and 23 ± 1°C for a 14-
day “air storage” curing period.  
 
After the curing period, a dike made of Styrofoam and secured by rubber silicone, is 
placed along the perimeter of the top surface of each specimen.  The dike is to hold 
approximately 6 mm [1/4 in.] of a solution containing 4 g of anhydrous calcium chloride 
to each 100 mL of water.  The specimens are then placed in an environmental chamber at 
50 ± 1 %RH in which the temperature cycles from −18 ± 3°C [0 ± 5°F] within 17 hours 
to 23 ± 2.0°C [73.5 ± 3.5°F] within 7 hours.  This was repeated for a total of 50 cycles, 
while qualitative and quantitative examination was performed after 5, 10, 15, 25, and 50 
cycles.  Qualitative examination consisted of a visual rating on a scale of 0 – 5, where 0 
indicates no scaling and 5 indicates severe scaling.  A plus/ minus rating was also used to 
help further separate differences in scaling.  For example a ‘2+’ indicates less scaling 
than a ‘2’ while a ‘2-‘ indicates more scaling.  Photographs were also taken each time the 
samples were removed from the chamber for examination.  Since the visual ratings 
desired by ASTM C672/C672M – 12 are not particularly descriptive and leave much 
room operator variability and bias, an additional quantitative examination was performed 
to better assess differences in scaling.  MTO LS-412 states that “After each 5 cycles, 
remove the salt solution together with all the flaked off concrete from the surface and 
place into a watertight contain…washing the surface of the specimen… strained through 
a filter and the residue dried out in an oven at 105 °C to a constant mass condition.” 
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(MTO LS-412 R17).  For each of the specimens, the top surface was flushed and scaled 
materials was carefully removed and from the specimen.  The scaled material was then 
measured in terms of oven dry mass.  At the conclusion of each examination fresh 
solution was added to the top surface and the specimens were placed back in the chamber. 
 
3.2.2 Results and Discussions 
3.2.2.1 Rapid Freezing and Thawing 
Before presenting the results, it should be again noted that this testing method is 
performed using 14-day bag sealed curing method.  The beam specimens went directly 
from a sealed condition into the testing chamber, never experiencing a drying period.  
While it is possible to replicate this condition in the field, it is unlikely and results should 
be viewed as a “worst case scenario” situation.  This is done to clearly identify which 
mixtures may perform poorly in freeze-thaw conditions.  
 
The results of the mixtures from rapid freezing and thawing can be seen in the figures and 
table to follow.  Figure 3.1 shows each mixtures relative dynamic modulus (or durability) 
and Figure 3.2 the mass change, both plots as a function of the number of cycles.  The 
data shown in the plots is an average of three beam specimens, with the exception of 
Mixture 9, which is an average of two beam specimens due to a damaged beam prior to 
testing.  .  Mixture 5 is not shown to 300 cycles because failure was encountered before 
that point. The line at 60% relative dynamic modulus indicates the failure limit as 
specified by ASTM C666/C666M – 03(2008).   
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Table 3.1 summarizes the durability factors (calculated from relative dynamic modulus 
and a ratio of the number of cycles reached to the specified number of cycles in which 
exposure is to be terminated) of each beam specimen.  The table also shows an average 
durability factor for each mixture as well as a summary of the mass change.  
 
From the presented data, it is clear that “excessively” internal cured mixtures, as is the 
case for Mixture 3 and Mixture 5, have the potential to not perform well in freeze-thaw 
environments.  Mixture 3 contains twice the amount of pre-wetted fine LWA necessary to 
replace the water lost due to chemical shrinkage and Mixture 5 contains a full 
replacement of pre-wetted coarse LWA.  It can be seen in the Figure 3.1 that Mixture 5 
fails with about 80 cycles remaining in the test. Also, Figure 3.1 shows that Mixture 3 
approaches failure, and would have failed if the test were extended past 300 cycles.  
Table 3.1 shows that a single beam failed, with another approaching failure (2 of the 3 
beams performed poorly), for both Mixture 3 and Mixture 5 
 
Early failure in these mixtures (i.e., when more water is provided than what is necessary 
to replace the water lost due to chemical shrinkage) is due to excess, unused, water 
present in the system.  The unhydrated cement will draw water from the LWAs as an 
underpressure develops due to chemical shrinkage.  When an excess of water is present in 
the LWA, additional water remains trapped in the system, which can become very 
problematic when introduced to freezing and thawing. 
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Concretes that perform well in freeze-thaw environments have enough empty air voids 
present to accommodate the expansion from freezing water in the pores.  Water can 
expand by approximately 9% in volume (Powers, 1945) as freezing occurs.  If a sufficient 
amount of air voids are present, and connected, in the system to account for this 
expansion in water volume, damage is unlikely.  If there is not enough empty pore space 
in the system, or similarly an overabundance of water, the water starts to expand with 
nowhere to go.  This creates pressure buildup on the pore walls and will create internal 
cracking, which will propogate and damage the integrity of the concrete (Tanesi and 
Meininger, 2007). 
 
However, if the correct amount of internal curing water is supplied (i.e. enough to replace 
only that which is lost in chemical shrinkage), as in the case for Mixtures 2, 6, 7, and 9, 
the results are very similar to that of the standard mixtures.  Mixture 4 is not included in 
the previous statement because it has been shown earlier in this thesis that the LWA 
particles are spaced too far apart to be the most effective IC mixture.  This mixture 
therefore performs very similarly to the reference Class H mixture, Mixture 1, in freezing 
and thawing. 
 
Both additional LWA supplier mixtures, Mixture 6 and Mixture 7, have demonstrated no 
issues in a freeze-thaw environment.  The Class D mixtures have a w/c of 0.45, which is 
higher than the Class H mixtures of 0.42.  It is noticed that the internally cured Class D 
mixture performed slightly worse than the standard Class D.  However, with a durability 





Figure 3.1: Plot of Mixtures 1-5 average relative dynamic modulus by ASTM 
C666/C666M – 03(2008) rapid freezing and thawing. 
 
Figure 3.2: Plot of Mixtures 1-5 average mass change by C666/C666M – 03(2008) rapid 
freezing and thawing. 
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Table 3.1: Summary of ASTM C666/C666M – 03(2008) rapid freezing and thawing data 




3.2.2.2 Scaling Resistance to Deicing Chemicals 
The results of the evaluated mixtures from scaling resistance can be seen in the following 
figure and table.  Figure 3.3 shows a plot of the mixtures quantitative results for scaling, 
normalized to the surface area exposed to deicing chemicals.  This plot is the cumulative 
amount of surface residue lost during the 50 cycles of exposure.  The results in this plot 
show an average of the three specimens tested.  Table 3.2 summarizes the cumulative 
residue lost of each specimen, the visual rating, and averages of both for each mixture at 





Figure 3.3: Plot of Mixtures 1-5 average cumulative scaling by C672/C672M – 12 and 
MTO LS-412 scaling resistance to deicing chemicals. 
 
The dashed line shown at 0.8 kg/m
2
 indicates the limit of scaling suggested by MTO LS-
412.  It should be noted that this limit is the MTO limit, which is set for a similar scaling 
test using 3% NaCl, not 4% CaCl as used in C672/C672M – 12.  This limit does not 
intend to provide a distinct failure limit for this test, it is simply there to provide a 
reference for durable concrete in scaling.  ASTM C672/C672M – 12 has been shown to 
have large inconsistencies from test to test, and to largely depend on finishing techniques.  
If finishing is not perfectly consistent from sample to sample, the microstructure could 
considerably weaken at the surface.  It is interesting to note that the MTO scaling test 
concluded inconsistencies as high as 59% from duplicate samples (Bleszynski et al., 
2002). 
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Table 3.2: Summary of ASTM C672/C672M – 12 and MTO LS-412 scaling resistance to 
deicing chemicals data for preliminary mixture designs. 
 
 
With that being said, the main point to take from these results is that the IC mixtures do 
not perform any worse than the standard mixture, Mixture 1 for Class H IC concretes.  
However, the internally cured Class D mixture, Mixture 9, does perform worse than the 
standard Class D mixture, Mixture 8.  This could be due to finishing concerns previously 
noted.  A possible reason for Mixture 5 outperforming other mixtures in the scaling test 
could be due in part to altered thermal properties of the concrete with large replacements 
of LWA.   
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3.2.3 Summary and Conclusions 
This section investigated the resistance to scaling and rapid freeze-thaw durability of both 
standard and internally cured Colorado DOT Class H and D mixtures.  Results from this 
section can be summarized as follows: 
 Rapid freeze-thaw was conducted as a close to “worst case scenario” situation, i.e. 
specimens were directly placed into the testing chamber from a sealed condition.  
This is done to clearly identify which mixtures perform poorly in freeze-thaw 
conditions, not to replicate field conditions. 
 “Excessively” internally cured mixtures, i.e. mixtures that have more pre-wetted 
LWA than is required to replace water lost due to chemical shrinkage, have the 
potential to not perform well in freeze-thaw environments. 
 Excess, unused, water from LWA present in a concrete system is not favorable in 
freeze-thaw conditions, as this excess water fills in pores, eliminating the aid that 
empty pore space provides in room for expansion of freezing water. 
 Scaling is highly dependent on finishing.  The main point to take from these 
results is that the Class H IC mixtures do not perform any worse than the standard 
Class H mixture.   
 The IC Class D mixture does perform worse than the standard Class D mixture in 
scaling. 
 Large replacements of LWA could results in alteration of thermal properties and 
could potentially aid in scaling.  However, if used for IC purposes the internal 
integrity of the concrete will be lost, as previously discussed. 
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3.3 Evaluation of IC Mixtures by Varying the W/C 
3.3.1 Introduction 
The previous chapter discusses an evaluation of the freeze thaw durability of IC Colorado 
DOT Class H and D mixtures with w/c’s of 0.42 and 0.45, respectively.  This sections 
aims to investigate the freeze-thaw resistance of internally cured mixtures in which a 
variety of w/c’s are tested.  Specifically, IC mixtures with varying w/c’s in which a 
portion of the fine NWA is replaced with pre-wetted fine LWA, enough to replace the 
water lost due to chemical shrinkage.  This replacement of NWA with pre-wetted LWA 
should not encounter any issues in freezing and thawing conditions (as discussed in the 
previous chapter) that would be uncommon to non-IC mixtures with the same w/c.  The 
w/c’s under evaluation in this section include 0.36, 0.42, 0.48, and 0.56.  The 0.42 IC 
mixture was recast (same mixture design that was previously presented as ‘Mixture 2: 
LWFA 1 x CS’) for further investigation in freeze-thaw testing, as the durability of this 
mixture was lower than expected (although still performing well above failure).  In higher 
w/c mixtures large amounts of water can be absorbed, which ensure that issues in 
freezing and thawing will be encountered.  This would be the case for standard and IC 
mixtures. 
 
3.3.2 Methods, Materials, and Mixture Designs 
The materials used in the varying w/c mixture designs are consistent with those presented 
in Section 0.  The previously discussed cement, fly ash, and aggregates were used in 
creating these mixture designs (absorption and specific gravities can be found in Table 
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2.3).  The same NWA gradations, found in Table 2.6, were also used in this study.  
Mixtures were created such that the paste content remained constant, while varying the 
w/c.  This was done in order to be able to accurately compare mixtures of varying w/c’s.  
Equation (2.1b) was used in creating the internally cured mixtures with fine LWAs, 
enough to replace the water lost due to chemical shrinkage.  The LWA used in this study 
was structural fines from Trinity ESC.  The batch quantities are reported in Table 3.3, 
where the NWA is in an SSD condition and the LWA in an oven dry state.  
 
Table 3.3: Batch quantities for w/c mixtures evaluated. 
Mixture 














IC - 0.36 134 307 66 1086 696 129 
IC - 0.42 142 270 68 1091 718 117 
IC - 0.48 153 261 58 1086 723 110 
IC - 0.56 163 237 53 1086 737 100 
 
 
Materials were batched and mixed in accordance to the procedure presented in Section 
2.4.3.  LWA was soaked in the required mixing water (the water required for the desired 
w/c, as well as additional curing water) for a 72 ± 4 hour period prior to mixing.  The 
fresh properties of the concrete were then obtained and can be found in Table 3.4.  
Concrete was that placed in respective molds and demolded after a 24-hours period.  
Special attention was taken to ensure that the air content of each mixture was within the 
range of 5-8%, a range which has been proven effective is freeze-thaw resilient mixtures. 
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3.3.3 Testing Methodologies 
3.3.3.1 Fresh Properties 
The properties of interest to report for these concrete mixtures are slump and air content.  
Compressive strength and Young’s modulus of elasticity were tested at a 28-day period, 
however since a standard (non-internally cured) mixture was not created for each no 
comparative evaluation can be made, which will not provide any scientific relevance for 
this study.  Therefore, these values are not presented in this thesis.  The hydraulic-cement 
concrete slump in the laboratory was determined in accordance with ASTM C143-04, as 
discussed in Section 2.5.2.1.1.  Since the freeze-thaw durability of IC mixtures is a main 
focus of this study, air content of the mixtures is a very important characteristic of the 
mixture to obtain.  The air content via the pressure method was determined in accordance 
with ASTM C231-10, as discussed in Section 2.5.2.1.2.  
 
3.3.3.2 Freeze – Thaw Resistance 
The rapid freezing and thawing durability of each mixture was determined in accordance 
with ASTM C666-08 Procedure A, as discussed in Section 3.2.1.1.  Sets of three, 4 in 
wide by 3 in tall by 16 in long [75 mm by 100mm by 405mm] samples were cast for each 
mixture to study the resistance to rapid freezing and thawing.  After a 24 ± 2 hour period 
the specimens were removed from the molds, bag sealed, and placed in a moist chamber 
at 23 ± 1°C [73.5 ± 1.5 °F] for a 14-day curing period.  There then placed in the chamber 
and tested approximately every 36 cycles, until a total of 300 cycles, or until its relative 
dynamic modulus of elasticity reached 60% of the initial modulus, whichever occurred 
first.  
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3.3.4 Results and Discussion 
3.3.4.1 Fresh Properties 
The results of the fresh properties are shown in Table 3.4.  It should be noted that 
workability for laboratory purposes was of low concern.  Therefore, enough water 
reducing admixture to ensure workability only for purposes of laboratory placement and 
finishing was used for each mixture.  Air entraining admixture was added until an air 
content within a range of 5-8% was obtained. The amount of air entrainer and air content 
was recorded and can be found in Table 3.4. 
 
Table 3.4: Fresh properties for the SAP mixtures evaluated in this study. 
Mixture: 
Water Reducer Air Entrainer Slump Air 
(mL/cwt) (mL/cwt) (in) (%) 
IC - 0.36 742 26 9 7.2% 
IC - 0.42 522 13 2.5 5.9% 
IC - 0.48 440 13 4.5 7.8% 
IC - 0.56 343 12 8 6.6% 
 
 
3.3.4.2 Freeze – Thaw Resistance 
The results of the freeze-thaw resistant properties, per ASTM C666-08, Procedure A, are 
presented in the following section.  Figure 3.4 presents the average change in dynamic 
modulus and Figure 3.5 presents the average change in mass.  These plots present an 
average of three beam specimens (geometry previously described) tested for resistance to 
a free-thaw environment.  The final performances of each individual beam are presented 
in Table 3.5.  The column labeled ‘durability factor’ is simply the relative dynamic 
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modulus, multiplied by a ratio of the number of cycles at which the specimen reached 
failure, divided by the specified number of cycles at which the exposure is to be 
terminated (in this case 300 cycles).  Durability factor is the same as relative dynamic 
modulus if failure does not occur, or if failure is reached at 300 cycles.  Failure is defined 
by ASTM C666-08 as a relative dynamic elastic modulus, as calculated by Equation (3.1), 








Figure 3.5: Plot of average mass change by ASTM C666-08 rapid freezing and thawing. 
 
The first item of interest is the 0.56 w/c mixtures.  Each beam specimen performed very 
poorly, and in turn failed quickly into the test.  The maximum number of cycles reached 
in any of the three specimens for this mixture was 182.  Therefore, each beam had a very 
low durability factor in freezing and thawing.  This is attributed to the high void space 
present in a mixture with such a high w/c.  This high porosity allows for water to quickly 
be absorbed into the system, creating a high degree of saturation quickly.  It has been 
shown that a critical degree of saturation is encountered at 86%, at which time freeze-
thaw damage can initiate (Fagerlund, 1977; Li et al., 2011). 
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Issues in freeze-thaw conditions are encountered in IC mixtures at higher w/c’s, as would 
be typical to any higher w/c mixture.  From the data presented on differing w/c mixtures, 
seen in Figure 3.4, it can be concluded that internally cured mixtures in which a portion 
of the fine NWA is replaced with pre-wetted LWA up to a w/c of at least 0.48 are durable 
in cyclic freezing and thawing conditions.  A possible explanation for the 0.36 w/c 
mixtures not having a durability equal to, or high than that of a 0.42 or 0.48 mixture 
could be due to a larger portion of fine LWA included in this mixture.  The higher 
volumes of LWA are necessary in replacing the water lost due to chemical shrinkage, as 
more cementitious material is present.  Therefore, more pore space could be present, 
aiding in absorptions that are not common to a 0.36 w/c standard mixture (i.e. where 
LWAs are not used).  Furthermore, the bell shape of the curve seems to suggest that 
possible an optimal w/c for internally cured mixtures may exist around 0.42 – 0.45, as 
these mixtures had higher durability than the other w/c mixtures tested. 
 
Table 3.5: Summary of ASTM C666-08 rapid freezing and thawing data for mixtures 
evaluated in this study. 
 
 
Mixture: Sample No.	Cycles Mass	Change	(%) Average Durability	Factor	(%) Average Pass/	Fail
0.36-1 300 0.57% 86% Pass
0.36-2 300 0.54% 89% Pass
0.36-3 300 0.64% 89% Pass
0.42-1 300 -0.75% 95% Pass
0.42-2 300 -1.07% 91% Pass
0.42-3 300 -0.92% 92% Pass
0.48-1 300 -1.66% 94% Pass
0.48-2 300 -1.57% 93% Pass
0.48-3 300 -1.43% 94% Pass
0.56-1 154 -2.25% 15% Fail
0.56-2 154 -1.40% 16% Fail














3.3.5 Summary and Conclusions 
This section investigated the resistance to rapid freeze-thaw durability of varying w/c 
internally cured mixtures, in which fines LWAs were used to provide water necessary 
replace the water lost due to chemical shrinkage.  Results from this section can be 
summarized as follows: 
 Internally cured mixtures with a high w/c (above 0.48) do not perform well in 
freezing and thawing, as high w/c mixtures allow for large amounts of water to be 
absorbed. 
 If proper IC techniques are used in creating a mixture design, internally cured 
concrete using pre-wetted LWAs should have equal performance to the standard 




3.4 Evaluation of IC Mixtures Using Super Absorbent Polymers (SAPs) 
3.4.1 Introduction 
Super absorbent polymers (SAPs) have been shown to significantly reduce shrinkage and 
cracking in concrete mixtures (Jensen & Hansen, 2001; Jensen & Hansen, 2002; Schlitter, 
Barrett, & Weiss, 2010; Mechtcherine & Reinhardt, 2012).  Presented in this section are 
the results from experiments that were performed to assess the behavior of two SAPs.  No 
information regarding the chemical make-up of these materials may be provided at this 
time (other than absorption capacity, discussed later).  Therefore, this section will simply 
refer to the SAPs as ‘SAP 3’ and ‘SAP 4.’  The main goal of testing was to expose 
specimens to the ASTM C666/C666M – 03(2008) Procedure A.  In additional to freeze-
thaw testing, compression and Young’s modulus of elasticity, ASTM C39-12 and C469-
10, respectively, were performed.  The SAP absorption capacities were also evaluated.   
 
3.4.2 Methods, Materials, and Mixture Designs 
The materials used in the SAP mixture designs are consistent with those presented in 
Section 0, with the exception of different air entraining and water reducing admixtures.  
The admixtures were provided with the dry SAP powders a part of a RILEM round robin 
study; the air entrainer was LP75 and the water reducer was Woerment FM 30/ BV 30 (a 
superplasticizer).  These admixtures were used, as apposed to the admixtures discussed in 
previous chapters, to avoid any incompatibilities that may arise from the chemical 
composition between the SAPs and differing admixtures.   
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The previously discussed cement, fly ash, and aggregates were used in creating these 
mixture designs (absorption and specific gravities can be found in Table 2.3).  The same 
normal weight coarse aggregate gradations, found in Table 2.6, were also used in these 
mixtures.  Both SAPs dry specific gravities were taken as 1.25 as defined in literature by 
Kovler (2012).  The absorption capacities of the SAPs will be discussed more in depth in 
the following section. 
 
An equation, similar to Equation (2.1b) (developed by Bentz and Snyder, 1999), which 
evaluates internally cured concrete mixtures with LWA was used in determining the 
amount of dry SAP powder used to replace the water lost to chemical shrinkage.  The 
equation follows: 
 
     
           
    




) is the mass of SAP (in a dry state), Cf (kg/m
3
) is the cement content 
of the mixture, CS (ml of water per g of cement) is the chemical shrinkage of the cement 
(here taken as 0.064 ml/g cement), αmax (unitless) is the expected maximum degree of 
hydration (per powers model), and ΦSAP is the absorption capacity of the SAP. 
 
The batch quantities for the evaluated SAP mixtures can be seen in Table 3.6.  Since the 
specific gravities and absorption capacities of the SAPs (discussed in the following 
section) were assumed to be the same, the mixture designs is identical with respect to 
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constituent materials.  The aggregate quantities are reported in an SSD condition.  A total 
of four mixtures using IC methods with SAPs were created: 
 
1. Internally cured mixture using ‘SAP 3’ with the air entraining admixture 
2. Internally cured mixture using ‘SAP 3’ without the air entraining admixture 
3. Internally cured mixture using ‘SAP 4’ with the air entraining admixture 
4. Internally cured mixture using ‘SAP 4’ without the air entraining admixture 
 
Table 3.6: Batch quantities for SAP mixtures evaluated. 
 
SAP Mixtures 




Fly Ash 67.6 
Water 142 




*IC water indicates water in the SAP that is available to continue hydration. 
 
Materials were batched and mixed in accordance to the procedure presented in Section 
2.4.3.  Immediately following the addition of water, the dry SAP powder, water reducing 
admixture, and air-entraining admixture (when applicable) were slowly added directly to 
the concrete.  The fresh properties of the concrete were then taken and can be found in 
Table 3.7.  Concrete was placed in molds and demolded after a 24-hours period.  The 
104 
SAP mixtures are later compared to a mixture labeled ‘Reference Mixture.’  This refers 
to ‘Mixture 1 – Standard Class H’ as presented in the previous chapters. 
 
3.4.3 Testing Methodologies 
3.4.3.1 SAP Absorption 
A maximum absorption capacity for the inclusions providing the curing water (in this 
case the SAPs) must be established, as was done with the use of LWAs.  This way an 
accurate determination of the amount of dry SAPs and mixing water required can be 
made.  The maximum absorption capacity was used in Equation (3.2) to determine the 
mass of dry SAPs required for each mixture. 
 
While a standardized procedure for determining the absorption of SAPs does not yet exist, 
there are several approaches that have been discussed in literature.  For this study, a 
method using a fine filter paper was used to determine the absorption for both provided 
SAPs.  It is important to note that absorptions cannot be measured using water, as the 
absorption capacity is heavily influenced by the alkali content of the pore solution.  To 
account for this, testing must be done with a pore solution similar to what will be 
encountered in the concrete mixtures. 
 
Therefore, pore solution was extracted from a cement paste similar to the paste that is to 
be used in the mixture design.  Solutions were extracted at ages of 30 minutes using a 
millipore pressure filtering system with nitrogen gas at pressures up to 200 kPa as 
described by Penko (1983).  The extracted solutions were placed in a sealed container (to 
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prevent carbonation) until the time of use.  The absorption was measured by monitoring 
the change of mass after submersion in pore solution.   
 
For each SAP, a 0.20 ± 0.02g sample of dry SAP powder was placed on fine filter paper 
and exposed to pore solution.  The combination of pore solution and SAP was mixed 
until it was evenly dispersed within the filter.  The mass of the paper and SAP were 
recorded versus time, until an equilibrium state was reached (the moist paper mass was 
subtracted from the measurement).  Absorption of SAPs is determined by monitoring the 
mass of a wet SAP sample in a filter as it is exposed to drying.  Mass loss will slow as it 
approaches a saturated state with no surface moisture (i.e., a pre-wetted surface dry 
condition).  This is considered the apparent absorption of the SAPs in pore solution.  
After submersion, the SAP is assumed to be full of solution and the excess liquid between 
SAP particles has been removed when an equilibrium state is reached.  Note that one 
must be cautious to avoid drying of both the filter paper and SAPs when performing this 
testing method, as excessive drying has potential to alter results. 
 
The results of the absorption test for the SAPs used in this study are presented in Figure 
3.6.  Due to potential accuracy issues with the nature of this testing methodology, as well 
as for ease of mixing, both SAPs absorptions were taken as value of 2000%, which is 
within 3% of the experimentally tested values.  The apparent absorptions at any time, 
ABS(t), were calculated by Equation (3.3). 
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       [%] Equation (3.3) 
 
where, m(t) is the mass of the total sample, including the mass of the moist filter, mfilter, 
and the mass of the initially dry powder sample, mpowder. 
 
 
Figure 3.6: Apparent absorption for the SAPs used in this study. 
 
 
3.4.3.2 Fresh and Mechanical Properties 
The properties of interest to report for these concrete mixtures are slump, air contect, 
compressive strength (28 day) and Youn’s modulus of elasticity (28 day).  The hydraulic-
cement concrete slump in the laboratory was determined in accordance with ASTM 




SAP 3 2055% 
SAP 4 1971% 
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cured mixtures is a main focus of this study, air content of the mixtures is a very 
important characteristic of the mixture to obtain.  The air content via the pressure method 
was determined in accordance with ASTM C231-10, as discussed in Section 2.5.2.1.2.  
The compressive strength of cylindrical concrete specimens was determined in 
accordance with ASTM C39-12 at an age of 28 days, as discussed in Section 2.5.2.2.1.  
Sets of three, 4 in diameter by 8 in tall [100 mm by 200mm], cylinders were cast to study 
the compressive strength of each mixture.  The static modulus of elasticity (Young’s 
modulus of elasticity) was determined using a procedure similar to that in ASTM C469-
10, as discussed in Section 2.5.2.2.2.  Sets of two, 4 in diameter by 8 in tall [100 mm by 
200mm], cylinders were cast to study the elastic modulus.  
 
3.4.3.3 Freeze – Thaw Resistance 
The rapid freezing and thawing durability of each mixture was determined in accordance 
with ASTM C666-08 Procedure A, as discussed in Section 3.2.1.1.  Sets of three, 4 in 
wide by 3 in tall by 16 in long [75 mm by 100mm by 405mm] samples were cast for each 
mixture to study the resistance to rapid freezing and thawing.  After a 24 ± 2 hour period 
the specimens were removed from the molds, bag sealed, and placed in a moist chamber 
at 23 ± 1°C [73.5 ± 1.5 °F] for a 14-day curing period.  There then placed in the chamber 
and tested approximately every 36 cycles, until a total of 300 cycles, or until its relative 




3.4.4 Results and Discussion 
3.4.4.1 Fresh and Mechanical Properties 
The results of the fresh properties are shown in Table 3.7.  It should be noted that 
workability for laboratory purposes was of low concern.  Therefore, enough water 
reducing admixture to ensure workability only for purposes of laboratory placement and 
finishing was used for each mixture.  Note that more water reducer was used for mixtures 
that did not call for air entrainer.  Air entraining admixture was added, where applicable, 
until an air content within a range of 5-8% was obtained.  The air content was simply 
obtained and reported for mixtures that did not call for air entrainer. The amount of air 
entrainer and air content was recorded and can be found in Table 3.7. 
 










SAP 3 644 30 2.5 7.2 
SAP 3 w/o AE 778 - 1.5 3.8 
SAP 4 556 30 3.0 7.6 
SAP 4 w/o AE 899 - 4.5 4.2 
 
 
The results of the mechanical properties are shown in Table 3.8, as well as the results of 
the reference mixture (Mixture 1 – Standard Class H).  The mixtures without an air 
entraining admixture show similar 28 day compressive strength performance to the 
reference mixture (air entrainer was used in the reference mixture).  The lower 
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compressive strengths (f’c) of the SAP mixtures that include air entrainer can be 
attributed to the additional void space created by the presence of both the SAPs and air 
entrainer.  These mixtures have a larger volume of voids than would exist by just the 
addition of air entrainer (as seen in the reference mixture), or just the addition of SAP, as 
is seen in the mixtures SAP 3 and SAP 4, without air entrainer.  Youngs modulus of 
elasticity (E) is lower than the reference mixture for all SAP mixtures, which is an 
expected result also attributed to the additional void volume.  The SAP mixtures that 
include air entrainer have the lowest modulus, which is also expected. 
 
Table 3.8: Mechanical properties for the mixtures evaluated. 
Mixture: f'c (psi) SD (psi) E (ksi) SD (ksi) 
Reference Mixture 5400 140 4500 164 
SAP 3 4880 175 3700 230 
SAP 3 w/o AE 5360 218 4250 110 
SAP 4 4460 154 4100 140 
SAP 4 w/o AE 5250 36 4140 191 
 
 
3.4.4.2 Freeze – Thaw Resistance 
The results of the freeze-thaw resistant properties, per ASTM C666-08, Procedure A, are 
presented in the following section.  Figure 3.7 present the average change in dynamic 
modulus and Figure 3.8 presents the average change in mass.  These plots present an 
average of three beam specimens (geometry previously described) tested for resistance to 
a free-thaw environment.  The final performances of each individual beam are presented 
in Table 3.9.  The column labeled ‘durability factor’ is simply the relative dynamic 
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modulus, multiplied by a ratio of the number of cycles at which the specimen reached 
failure, divided by the specified number of cycles at which the exposure is to be 
terminated (in this case 300 cycles).  Durability factor is the same as relative dynamic 
modulus if failure does not occur, or if failure is reached at 300 cycles.  Failure is defined 
by ASTM C666-08 as a relative dynamic elastic modulus, as calculated by Equation (3.1), 
of 60%, or less. 
 
 




Figure 3.8: Plot of average mass change by ASTM C666-08 rapid freezing and thawing. 
 
 
Based on the results of average relative dynamic modulus, shown in Figure 3.7, it is clear 
that both SAP 3 and SAP 4 mixtures perform well (similar to the reference mixture) in 
freeze when the air entraining admixture is used.  Without an air entraining admixture 
neither SAP mixtures perform well in freezing and thawing.  The results presented here 
may suggest that voids created by SAP particles do not necessarily act as voids similar to 
that of an air entraining admixture, in which water expansion upon freezing has 
additional volume to expand.  This may be due to SAP voids not being as well distributed 
throughout the matrix as what those generated by an air entraining admixture (as voids 
created by SAP particles are larger than those typical of an air entrainer).  Another 
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possible reason could be that SAPs could actually reabsorb water and swell, eliminating 
void space necessary for capturing water expansion during freezing.   
 
Testing a non-air-entrained reference mixture would show if the SAP has void space that 
acts ever so slightly like an air entraining admixture, or if the SAP has an contrasting 
effect.  If the non-air-entrained reference mixture were to perform worse than the non-air-
entrained SAP mixtures (i.e., earlier failure) than the concrete would be experiencing 
slight benefits from void space left by the desorbed SAP particle.  If however the non-air-
entrained reference mixture were to perform better than the non-air-entrained SAP 
mixtures, then the conclusion would be that the SAPs have a negative effect on freeze-
thaw performance and must be used with an air entraining admixture.  
 
 
Table 3.9: Summary of ASTM C666-08 rapid freezing and thawing data for mixtures 
evaluated in this study. 
 







1-2	 300	 -0.76%	 99%	 Pass	







AE3-2	 300	 -0.96%	 99%	 Pass	







N3-2	 300	 -0.91%	 99%	 Pass	







AE4-2	 300	 -0.37%	 100%	 Pass	







N4-2	 300	 -0.83%	 100%	 Pass	
N4-3	 300	 -0.94%	 36%	 Fail	
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3.4.5 Summary and Conclusions 
This section investigated the resistance to rapid freeze-thaw durability of internally cured 
Colorado DOT Class H mixtures, in which super absorbent polymers (SAPs) were used 
to provide water necessary to continue hydration of cementitious material.  Results from 
this section can be summarized as follows: 
 Compressive strength (f’c) is comparative to the reference mixture without the 
addition of an air entraining admixture.  The compressive strength decreases by 
approximately 15 % from the reference mixture (which includes air entrainer) for 
mixtures that include both the addition of SAPs and air entrainer.  
 Young’s modulus of elasticity is the lowest for mixtures that include both air 
entraining admixture and SAPs.  This is due to the increase in void space. 
 The SAP mixtures that include an air entraining admixture show no issues in the 
freezing and thawing test, per ASTM C666-08. 
 The SAP mixtures that do not include an air entraining admixture perform poorly 
in freezing and thawing environment. There is not a clear performance based 






3.5 Chapter Summary and Conclusions 
This chapter evaluated nine mixtures with respect to their performance in scaling and 
rapid freeze-thaw durability.  In addition, this chapter presented an evaluation the rapid 
freeze-thaw durability of IC mixtures using SAPs and IC mixture with varying w/c’s.  
The chapter presented much needed insight into the frost resistant performance of 
internally cured concrete mixtures. The major results from this section can be 
summarized as follows: 
 Rapid freeze-thaw was conducted as a close to “worst case scenario” situation, i.e. 
specimens were directly placed into the testing chamber from a sealed condition.  
This is done to clearly identify which mixtures perform poorly in freeze-thaw 
conditions, not to replicate field conditions. 
 “Excessively” internally cured mixtures, i.e. mixtures that have more pre-wetted 
LWA than is required to replace water lost due to chemical shrinkage, have the 
potential to not perform well in freeze-thaw environments. 
 Excess, unused, water from LWA present in a concrete system is not favorable in 
freeze-thaw conditions, as this excess water fills in pores, eliminating the aid that 
empty pore space provides in room for expansion of freezing water. 
 If proper IC techniques are used in creating a mixture design, internally cured 
concrete using pre-wetted LWAs should have equal performance to the standard 
counterpart mixture in freezing and thawing.  
 Internally cured mixtures with a high w/c (above 0.48) do not perform well in 
freezing and thawing, as high w/c mixtures allow for large amounts of water to be 
absorbed. 
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 The SAP mixtures that include an air entraining admixture show no issues in the 
freezing and thawing test, per ASTM C666-08. 
 The SAP mixtures that do not include an air entraining admixture perform poorly 
in freezing and thawing environment.  
 Scaling is highly dependent on finishing.  The main point to take from these 
results is that the Class H IC mixtures do not perform any worse than the standard 
Class H mixture.  The Class D IC mixture does perform worse than the standard 




CHAPTER 4. EVALUATION OF PENETRATING SEALANTS USING SORPTION 
TEST WITH THERMAL CYCLING 
4.1 Introduction 
This work examines the penetration of chlorides in hardened concrete due to interaction 
with chemical species, with respect to the potential for deterioration.  One method that 
has been found effective in reducing the amount of chloride ingress into the concrete 
matrix is the use of sealers, pore blocker, and water repelling materials.  The use of these 
topical agents enables improvements in the service life of concrete pavements. 
 
Concrete sealants can be used on freshly placed concrete, or on concrete already in 
service.  However, a test to accurately quantifying the performance of these sealants in 
extreme environmental exposure does not exist.  There are current practices to determine 
the sealants effectiveness in reducing water ingress or chloride ingress at room 
temperature.  However, it is not clear what happens when the sealant is exposed to 
freezing and thawing conditions.  Perhaps sealants break down when in these harsh 
freezing environments and exposed to deicing chemicals. 
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4.2 Proposed Experimental Paradigm 
4.2.1 Experimental Approach 
The objective of this study is to develop and evaluate a testing methodology to assess the 
impact of sealers, pore blockers, and water repelling materials for the ingress of fluids 
containing deicing salts.  A proposed testing protocol is presented, which evaluates the 
sorption of hardened concrete, as the temperature fluctuates.  For this study it is of 
interest to look at concrete exposure to salt solutions in a freezing and thawing 
environment.  This work also examines various concrete sealants in order to investigate 
depth of penetration of the sealant into the concrete matrix and to determine if this relates 
to the sealants ability to reduce chloride ingress throughout temperature cycling. 
 
A series of preliminary tests were performed in order to determine appropriate parameters 
for testing. Variables such as temperature, number of cycles, concentration of solution, 
and rate of heating/ cooling must be evaluated before developing a standard protocol 
before sealant testing can begin.  After a testing protocol is developed, research will 
compare different sealants to determine the depth of penetration into the concrete surface 
and to investigate if this is directly related to the sealants ability to reduce chlorides 
during freezing and thawing exposure.  It is believed that the further the sealant 




4.2.2 Experimental Set-Up 
Figure 4.1 shows a diagram of the proposed experimental set-up.  This is similar to 
ASTM C1585 – 13; however, this test exposes the samples to chlorides under thermal 
cycling.  The test uses a cold-plate device to induce cooling from the bottom face of the 
concrete specimen, which is ponded in a salt solution.  This would be similar exposure 
experienced by a concrete pavement in a freezing environment, in which a single face is 
exposed to deicing salts.  Although the test forces absorption in a bottom-up manner 
(absorption in the field would be experienced in a top-down manner), gravitational 
effects on fluid transport in the capillary pores, provided large cracks are not present, can 








Samples are placed in a chloride solution, similar to the water used in absorption testing.  
Concrete specimens are placed in a container that is thermally conductive and resistant to 
corrosion.  For this experiment a galvanized steel, open-faced, box is used to contain the 
solution and sample.  The container is then covered with a plastic wrapping to minimize 
evaporation.  A thermal pad (Thermacool TC3000) is placed in-between the cold plate 
surface and the container to effectively transfer heat from the cold plate to the container.  
The samples should be placed such that they are not in direct contact with the container to 
allow for absorption of the chloride solution throughout the exposed face of the specimen.  
The system should be insulated such that temperature loss is minimal.  The container is to 
then be filled with the desired fluid solution, reaching no more than 1/8 in [3mm] above 
the sample face. 
 
4.3 Mixtures and Materials 
All samples used in this study were of the same mixture.  The samples were a part of a 
large-scale cast using a commercial concrete mixture from a ready-mix concrete truck, 
prepared with a 0.42 water-to-cementitious material ratio (w/c).  The fresh concrete had a 
slump of 4.0” and air content 6.2% (tested in accordance with ASTM C143/C143M – 12 
ASTM C231/C231M – 10, respectively).  The coarse aggregate is AP #8 aggregate from 
U.S. Aggregates in Delphi, IN with absorption of 0.58% and specific gravity at SSD of 
2.77 (tested in accordance with ASTM C127 – 12).  The fine aggregate is #23 Swisher 
Road from Vulcan Aggregates in West Lafayette, IN with an absorption of 1.33%, 
specific gravity at SSD of 2.65 (tested in accordance with ASTM C127 – 12).  The 
mixture proportions are shown in Table 4.1.   
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Table 4.1: Design quantities of materials used in concrete test specimens. 
Material Design Quantity Units 
#8 Coarse Agg., SSD 1800 lb/ yd
3
 
#23 Fine Agg., SSD 1240 lb/ yd
3
 
Cement 658 lb/ yd
3
 
Water 270 lb/ yd
3
 
Water Reducer 2.0 oz/ cwt 
Air Entrainer 1.2 oz/ cwt 
Retarder 2.0 oz/ cwt 
 
4.4 Sample Preparation 
Approximately 30, 4” x 8” concrete cylinders were cast in accordance with ASTM 
C192/C192M – 13a to be used as test specimens for this study.  At 24 hours the 
specimens were removed from their molds and bag sealed.  The cylinders remained in a 
sealed condition for a minimum of 28-days, at which time they were removed and cut 
into “hockey-puck” samples.  The top and bottom one-inch of the cylinders were 
removed.  For initial evaluation of chloride penetration, the samples have a height of 
approximately 3 inches.  This is for preliminary experiments, but will be reduced to 2-
inch samples for the final testing protocol to be consistent with ASTM C1585 – 13 
sample geometry.  A height of 3 inches was chosen for preliminary testing to allow for 
potentially large chloride penetration depths in the sample.  
 
The circumference and one end of the samples were coated with a two-part epoxy, 
leaving one face uncoated for exposure to solution.  It should be noted that a plastic 
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covering should be used in future testing at the top surface to eliminate potential pressure 
buildup at the epoxied face of the sample.  Application of the cohesive moisture should 
be according the manufacturers specifications.  Enough epoxy should be applied, such 
that any moisture is prevented from entering/ exiting the sample (i.e., enough to produce 
a smooth surface in which voids are non-existent).  
 
After the application of epoxy, the samples for preliminary testing were placed in a 23 ± 
1 °C, 50 ± 1% RH environment until the sealant was applied, as applicable.  Sample 
conditioning will be further discussed in Section 4.6.1.  The sealants are then be applied 
to the un-epoxied face of the half-cylinders, at the respective manufactures recommended 
rate of application. The samples should be left to dry after the application of sealant until 
there is no longer visible moisture from the sealant on the surface of the sample.  Sealant 
application will be further discussed in Section 4.6.2.  
 
4.5 Preliminary Testing Results 
In order to develop a testing protocol for evaluating sealants, pore blockers, and water 
repellents a series of preliminary experiments must be conducted to determine 
appropriate parameters for testing.  Variables considered include (1) maximum and 
minimum temperatures, (2) number of cycles, (3) concentration of solution, and (4) rate 
of heating/ cooling.  Each test is evaluated on the basis of chloride concentration vs. 
depth of penetration of the chlorides.  These parameters are suggested for the standard 
protocol based on the worst condition experienced by the concrete sample (i.e., the 
parameter creating the higher concentration/ further penetration into the concrete). 
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After each round of testing the samples were split in half.  One half of the split samples 
were sprayed with silver nitrate (AgNO3) for visual evidence of chloride penetration and 
the other half was ground into a fine powder and titrated to provide a chloride profile. 
Titration was completed according to ASTM C1556 – 11a, using surface grinding at 
depths of every 2mm. 
 
It should be noted that various conditioning times were encountered for the sets of 
samples in preliminary testing.  With that being said, the results of the samples used in 
each preliminary test should only be compared to results of the corresponding samples 
used in that respective test.  Some preliminary testing parameters required comparing 
sealed and unsealed conditions.  It will be noted in the discussion of each test when 
sealed samples were required.  All sealed samples for preliminary testing used Soy 
Methyl-Ester blended with 2% Polystyrene, by mass (SME-PS, 2%).  
 
4.5.1 Temperature Testing/ Cycle Length Determination  
As with any freezing test, it is necessary to monitor the temperature, both external and 
internal.  In order to represent pavements that are exposed to high concentrations of salt 
solution in a freezing and thawing environment, a condition must be replicated in which 
the capillary pore water freezes, but the chloride solution does not freeze.  It has been 
shown that capillary water freezes around -8°C (Li et al., 2012).   
In order to monitor internal temperature throughout the sample, guarded thermocouple 
wiring was cast, at known depths, inside a sample.  A temperature profile throughout the 
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sample was then developed.  Temperature was also monitored throughout material where 
losses would occur (i.e., the thermal pad and steel box).  Figure 4.2 shows a schematic for 
the section view of the test set-up.  The location of each thermocouple wire is denoted by 
a dot with a circled number.  
 
 
Figure 4.2: Section view of the test set-up (left) and the locations of the thermocouple 
wiring in the cylinder (right). 
 
Figure 4.3 (a) shows the input used to control the cold plate, while Figure 4.3 (b) shows 
the real-time temperature change throughout the sample (as noted above).  It is desired to 
have the center of the sample reach -8 °C before commencing the thawing phase.  From 
this data it can be concluded that in order to properly freeze the capillary water the 
sample should undergo a freezing state for at least 4 hours.  In order to properly thaw the 




Figure 4.3: (a) Cycling of cold plate for temperature testing and (b) temperature output 
used to determine cycle lengths. 
 
 
4.5.2 Rate Of Temperature Change 
The next parameter of interest is the rate at which the temperature should drop during the 
thermal cycling.  To investigate this parameter, two tests were run, in which the only 
variable was the rate of freezing; one test in which the temperature is immediately 
dropped and one in the while the temperate is gradually dropped.  Figure 4.4 shows two 
different freezing rates at which the samples were tested.  Figure 4.4 (a) shows the test in 
which the temperature drop was immediate, or “quickly loaded”.  Figure 4.4 (b) shows 
the test in which the temperature drop took place gradually over the duration of the 4 ½ 




Figure 4.4: Cycling for determination of the freezing rate (a) shows "quick" loading and 
(b) shows "slow" loading. 
 
For the rate of loading test, it was necessary to compare both sealed and unsealed samples 
at each of the loading rates to investigate if the rate of loading had any effect on a 
topically applied sealant.  Alongside this test, specimens (both sealed and unsealed) were 
placed in a container with room temperature chloride solution and set aside until the 
completion of the cycling tests.  This was used to look at the effects of thermally altering 
solution properties, such as viscosity and surface tension. 
 
A plot of the chloride concentration vs. depth from the loading rate test can be seen in 
Figure 4.5 (a) and further analyzed in Figure 4.5 (b) and (c).  It can be seen in both the 
sealed and unsealed samples (although less noticeable in samples in which a sealant was 





It can be seen in Figure 4.5 (c) that the samples in a room temperature environment do 
not have as high of chloride content as the cycled samples.  This seems counterintuitive 
since a decrease in temperature should increase the viscosity (resistance to flow) of the 
solution.  An increase in average viscosity should suggest that the chloride penetration 
depth should be less than that of a solution with a lower average viscosity (i.e., the 
absorption samples at room temperature should theoretically absorb more chloride 
solution than those in thermal cycling).   
 
This phenomenon poses the question of what could be aiding in the absorption of 
chlorides during the freezing and thawing cycles?  A possible explanation to this could be 
attributed to a term coined as chloride pumping.  As the internal temperature of the 
sample drops, a point in which freezing of capillary water occurs (around -8°C).  This is a 
temperature at which capillary water will freeze, but a fairly concentrated solution will 
remain liquidous (as chloride solutions freeze at much lower temperatures, dependent 
upon the concentration and type of solution used).  Water expansion will occur from ice 
formation of capillary water.  The expansion of this water will cause additional 
movement of the liquidous salt solution, driving the chloride solution further into the 
sample.  It should be noted that in samples with a high degree of saturation (around 86% 
DOS) damage in the sample could occur, creating cracks that provide addition space for 




Figure 4.5: (a) Compares chloride concentration for sealed and unsealed samples at 
different loading rates, (b) is evidence that “slow” loading causes a higher concentration 
of chlorides further into the sample than quick loading, and (c) demonstrates the 
phenomena of chloride pumping. 
 
4.5.3 Cycle Testing 
Now that the cycles length, minimum and maximum temperature of the cycles, and rate 
at which the temperatures are changing have been determined, it is desired to know how 
many cycles the samples should undergo.  In order to do so, sealed samples with a high 
degree of saturation were tested at 10, 20, 30, 40, 50, 60 and 90 cycles.  Only sealed 
samples were chosen because it was desired to know if any breakdown of the barrier 





Through visual evidence it was noticed that no breakdown of the sealant occurred.  This 
is concluded since maximum chloride penetration in each sample, regardless the number 
of cycles was approximately the same depth. It is also interesting to note than no scaling 
of the sample face was visually noticed, even at 90 cycles (i.e., no flaking of concrete was 
found in the bottom of the pans).  For practicality purposes, 35 cycles per test was chosen.  
Running 35 cycles at 5 hours a cycle will allow a single week of testing per sample. 
 
4.5.4 Solution Testing 
This round of testing was used to determine the concentration of sodium chloride to be 
used in the standard testing procedure.  This is not to say that other chloride solutions and 
concentrations couldn't be considered, however further studies may need to be done on 
keeping the desired concentration throughout the test, i.e. how often to flush the system.  
The plot seen in Figure 4.6 shows that as the concentration of the solution increases, the 
chloride content throughout the sample increases. It should also be noted that a 
concentration in which the chloride solution freezes should not be permitted. 
 
Figure 4.6: Chloride profile for solutions containing 2, 5, and 15% NaCl by mass. 
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4.6 Protocol for Sealant Testing 
4.6.1 Sample Conditioning  
Sample conditioning plays a major role in the absorption and rate of absorption in 
unsaturated hydraulic cement concretes (Castro et al., 2011).  Absorption in concrete is 
generally described as the ability to take in water by means of capillary suction.  A large 
fraction of concrete in service is only partly saturated and the initial ingress of water and 
dissolved salts is influenced, at least in part, by capillary absorption (Hearn et al.,1994).  
Absorption has been used as an important factor for quantifying the durability of 
cementitious systems (Parrot, 1992; Hooton et al., 1993; Hearn et al., 1994; Fagerlund, 
1996; Neithalath, 2006).  Therefore, conditioning must be given proper focus in this 
study.  
Conditioning for this portion of the sealant testing was conducted by obtaining mass 
equilibrium in an over-dry condition.  Samples were placed in a Shel Lab vacuum oven at 
685 mm Hg at 50 ± 1 °C to minimize damaging the microstructure.  An over-dry state is 
not realistic for field exposure in which a salt solution would be applied.  However, an 
over dry state was used here for ease of consistent conditioning in a timely manner.  This 
is not recommended for future testing. 
 
4.6.2 Application of Topical Sealants 
Obtaining a uniformly consistent application of sealers, pore blockers, and water 
repellants is a necessity when trying to compare one manufacturer’s product to another. 
In order accomplish uniform consistency a “flat-board” device in which the concrete 
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samples could sit flush was created, as seen in Figure 4.7.  A light sprayer was used to 
apply each of the sealants. Each sealer was applied using an application rate of 125 ft
2
/gal, 
which fell within each manufacturer’s recommendation for concrete applications.  
 
 
Figure 4.7: Uniform application of sealants to cylindrical concrete samples. 
 
4.6.3 Testing Set-Up and Thermal Cycling  
After analyzing data from the preliminary test results, a protocol for testing topical 
sealants has been developed.  After the samples have been conditioned and sealed (this 
may vary based on what is being examined) the testing procedure will use a “slow 
loading” cycle, similar to that shown in Figure 4.4 (a).  The cycles consist of 4 ¼ hours 
freezing at -10 ± 2 °C and ¾ hours thawing at +10 ± 2 °C.  The solution used for sealant 
testing will be a 23% NaCl (sodium chloride), by mass.  Specimen dimensions are 2” in 
height by 4” in diameter.  The samples will go through 35 cycles, which will take 
approximately 1 week per test.  Layered grinding and chloride titration will be completed 
to create a chloride profile. 
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4.7 Sealant Testing Results 
4.7.1 Sealants Used 
The use of silane, siloxane, and silicon sealants are common in today’s construction 
industry (Wehrle, 2010).  It has been shown that silicones are not an effective sealant in 
reducing both chloride and water absorption (Reyell and Chonjacki, 1970; Klieger and 
Perenchio, 1963) and the only approved siloxane sealant on the Indiana Department of 
Transportations (INDOT) approved sealant list is no longer in production due to high 
volatile organic compound (VOC) content.  Therefore, the sealants chosen for testing in 
this part of the study were two silane-based sealants, with differing percentages of 
alkylalkoxysilane (20% and 100%), along with Soy Methyl Ester (SME) containing 5% 
Polystyrene.  
 
4.7.2 Penetration Depth 
The goal of this study is to test the penetration depth of each sealant and how the 
penetration of the sealant effects the its ability to reject chloride ingress.  To do this, the 
effectiveness of the sealant will be investigated at depths of 0, 1, 2, and 5 millimeters 
below the surface of which the sealant was applied. The surfaces were removed to the 
desired depth after the application of the sealant and before testing.  It is important that 
the sample top is flush when the sealant is applied as well as when the top surface is 
being removed. 
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4.7.3 Evaluation Of Sealants 
Figure 4.8 (a), (b), and (c) represent the chloride content of each of the three tested 
sealants, with the specified surface removed.  The plots labeled ‘0mm’ are samples in 
which no surface was removed.  The plots labeled ‘ABS’ are samples in which no surface 
was removed and were placed in a room temperature chloride solution for the duration of 
the cycles.  Figure 4.8 (d) is a chloride profile summary showing all three sealants 
without any top surface removed. The chloride profile for each sample starts at the 
surface exposed to chloride not at the original surface that was removed (i.e., the face 
after removal of the top surface).  
 
4.7.4 Results and Discussions 
The tails seen at the top of the chloride profile plots represent sealant present in the 
powder for titration at that depth.  The reason many chlorides are not present at the 
surfaces is that much of the pore volume is filled by the sealant and not chloride solution. 
The reason for the plot lines not reaching 0% chlorides can be attributed to background 
chlorides that are present is the sample before testing.  Plot lines that do not approach 
zero at further depths are due to samples that have absorbed chlorides past a depth at 
which finely ground powder could be obtained.  Also, it should be noted that the 
previously mentioned phenomenon of chloride pumping is not noticed in these samples 
because capillary water is not present in these samples. 
 
From the plots in Figure 4.8 (a), it can be concluded that the 100% silane sealant 
performs the best of the three sealants tested.  Since the red line indicating 5mm from the 
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face of the sealants application has prevented fewer chlorides than the unsealed sample, 
the 100% silane sealant is effective at preventing chlorides at a depth of 5mm.  The plot 
showing the 20% silane sealant, Figure 4.8 (b), indicates that the sealant is more or less 
ineffective at a depth of 2mm and beyond, although there is a “tail” present on the 2mm 
sample (meaning there is still a sealant present at this depth). 
 
It can be seen that both the 20% and 100% silane sealants perform better than SME-PS, 
Figure 4.8 (c).  Since these samples are oven dry, it has been noticed that at the low 
dosage rate the SME-PS was too easily absorbed.  The SME-PS appears to some amount 
of capillary water to keep the sealant near the top surface of the sample.  Since oven-dry 
conditions were used, SME-PS was absorbed into the sample instead of blocking the 
pores at the surface. Traces of SME-PS were found in the sample, through titration as 
noticed in the “tail” of the chloride profile, at depths of up to 11mm.  This indicates that 
the sealant was not held at the surface. 
 
Figure 4.8 (d) shows a plot of all three sealants with the originally sealed surface.  It can 
easily be determined which sealants performed best for this particular test. All three 




Figure 4.8: (a) Chloride profile for the 20% silane sealant used in this study, (b) Chloride 
profile for the 100% silane sealant used in this study, (c) Chloride profile for SME-PS (5% 
by mass) sealant used in this study, and (d) summary showing all three sealants without 








4.8 Chapter Summary and Conclusions 
Premature deterioration of concrete pavement joints is an issue of concern.  One method 
that has been found effective in reducing the amount of chloride ingress into the concrete 
matrix is the use of sealers, pore blocker, and water repelling materials. The objective of 
this study was to develop a testing procedure to assess the impact of sealers, pore 
blockers, and water repelling materials to delay or prevent chloride solution ingress. 
Preliminary testing has been performed to develop a methodology, which closely 
replicates concretes field exposure to fluids containing salts. Chloride pumping has been 
found to expedite the absorption of chlorides in concrete that are exposed to freezing 
conditions.  Uniform application is important when comparing various sealants. Sample 
conditioning cannot only have a large effect on the absorption/ absorption rate of 
concrete, but also on the application of the sealant.  More testing should be done to apply 
this approach to samples that are conditioned to more closely represent the moisture 
conditions from the field. 
136 
 
CHAPTER 5. SUMMARY AND CONCLUSIONS 
5.1 Conclusions Related to Internally Cured Mixture Properties 
In CHAPTER 2 the mixtures under evaluation were introduced, the materials and 
material suppliers were presented, the mixture designs were discussed, and the fresh, 
mechanical, shrinkage, and fluid transport properties were presented.  Section 2.2 
presented the mixtures to be evaluated, the materials used, and how to properly 
proportion an IC mixture.  Section 2.3 evaluated the material properties that were to be 
used in the mixture designs.  The absorption and desorption properties of LWA’s were 
presented, as well as methods for obtaining these.  As a rule of thumb, an efficient LWA 
is one that can desorb as least 85% of the absorbed water at a relative humidity of 94%, 
per ASTM C1761/C1761M – 12.  Obtaining the correct absorption and moisture contents 
in the LWA particles are an essential part of creating quality IC mixtures.  Two methods 
were discussed, however it is the opinion of the authors that the centrifuge method 
(Miller et al., 2013) is the most consistent method for obtaining moisture content. Section 
2.4 presented the mixing techniques and mixture proportions that were used during this 
study. 
 
Section 2.5 investigated the fresh and mechanical properties of the mixtures used in this 
study.  Values for slump, air content via the pressure and volumetric method, and unit 
weight were reported for the fresh properties.  Internally cured mixtures do not have a 
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significant impact on the slump.  While the volumetric and pressure method vary in 
results, this does not prohibit the use of the pressure method.  The pressure method is 
generally the preferred method for field application and has been specified in states that 
use internal curing.  ASTM C231 (2010) specifies that this method “is not applicable to 
concrete made with lightweight aggregates.”  However, the recommended IC mixture 
(i.e., where enough water is supplied by fine LWA to replace the water lost to chemical 
shrinkage) only replaces a fraction of the normal-weight aggregate (about 20%), leaving 
the majority of the volume is still occupied by normal-weight aggregate.  For the 
recommended IC mixtures the unit weight is not significantly altered, the most being 
mixture 6 with a decrease by 8%. Mixture 2 and 7 only change by 1% and 3%, 
respectively.   
 
Values for compressive strength and elastic modulus were reported at 28 and 56 days for 
the mechanical properties.  In compression, the IC mixtures performed just as well and in 
some cases better (by about 10%) than the standard mixture.  The increase in 
compressive strength is attributed to the increased hydration caused through internal 
curing.  All IC mixtures showed a reduction in the modulus of elasticity (about 10 – 20%), 
which is attributed to adding a material that has reduced stiffness (i.e., LWA).  This 
reduction in modulus has potential to benefit mixtures in reducing shrinkage cracking.  
The difference in stiffness at the interface of the LWA and paste are less than that 
encountered at the interface of NWA, which will reduce the restraint encountered, 
consequently generating less stresses which could lead to crack formation at early ages. 
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Section 2.6 investigated the shrinkage properties of the mixtures used in this study.  
Specifically autogenous shrinkage, restrained shrinkage cracking, and free shrinkage in a 
50% relative humidity (RH) drying condition.  The chemical shrinkage should be 
investigated if any different cementitious material composition is used.  Internally cured 
mixtures prevent autogenous shrinkage and cause expansion (or swelling) in a sealed 
system.  This expansion will eventually relax out over time and hydration of the cement 
subsides.  Restrained shrinkage showed that IC concrete reduced the residual stress 
buildup in the material, however this was not as apparent in these “higher” w/c mixtures 
as it would be when comparing a lower w/c with the IC counterpart.  For example little 
difference was noted for the Class D mixture, in which a 0.45 w/c was used.  Internally 
cured mixtures show improved drying shrinkage performance, since water is present in 
the matrix to continue hydration as the surface dries.  However, one should realize the 
shortcomings of performing only the drying test, as the test does not account early age 
shrinkage.  
 
Section 2.7 investigated the fluid transport properties of the mixtures used in this study.  
The transport properties presented consist of porosity determination, water absorption, 
and ionic species transport for each mixture.  Internally cured concrete reduces the 
chloride diffusion coefficient and tortuosity compared to standard mixtures, which is 
attributed to increased hydration.  Permeability is also decreased when the recommended 
IC mixture is used.  Sorption properties are comparable from recommended IC mixtures 
(except for the case of the Class D mixture, which showed improved sorption properties 
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for IC mixture) and all mixtures were below the critical degree of saturation for freezing 
and thawing after eight days of testing.  
 
In summary, this study has demonstrated that benefits of properly internally cured 
concrete include:  
 Similar or increased compressive strength 
 Decreased elastic modulus 
 Reduced early age stress formation 
 Reduced ion diffusion 
 Similar fluid absorption  
 
5.2 Conclusions Related to the Freeze-Thaw Behavior of IC Concrete 
CHAPTER 3 investigated the cyclic freezing and thawing behavior of IC concrete.  The 
presented results provide much needed insight into the behavior of concrete in which IC 
techniques are used.  This chapter presents results from a variety of concrete mixtures in 
which different IC methods are used and discussed. 
 
Section 3.2 presents results of the Colorado DOT mixtures resistance to scaling and rapid 
freeze-thaw action.  These results of ASTM C666 (2003) show that properly air entrained, 
internally cured concrete with a reasonable w/c (approximately 0.48 or less) have no 
issues in resisting cyclic freeze-thaw action.  However, “excessively” internally cured 
mixtures, i.e. mixtures that have more pre-wetted LWA than is required to replace water 
lost due to chemical shrinkage for sealed concrete, perform poorly in freeze-thaw 
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environments.  These mixtures, mixtures 3 and 5, show up to an 86% reduction in 
durability from the standard Class H mixture with an average of a 37.5% reduction in 
durability between the two mixtures.  Scaling results showed that internally cured 
mixtures do not perform any worse than the standard mixtures. 
 
Section 3.3 presents an evaluation of the freeze-thaw durability of IC concrete, in which 
the w/c is varied.  These results suggest that IC mixtures with a high w/c (above 0.48) do 
not perform well in freezing and thawing, as high w/c mixtures allow for large amounts 
of water to be absorbed.  If proper IC techniques are used in creating a mixture design, 
internally cured concrete using pre-wetted LWAs should have equal performance to the 
standard counterpart mixture in freezing and thawing.   
 
Section 3.4 presents an evaluation of the freeze-thaw durability of IC concrete, in which 
super absorbent polymers (SAPs) were used as the source of curing water.  The 
compressive strength (f’c) is comparative to the reference mixture without the addition of 
an air entraining admixture.  The compressive strength decreases by approximately 15 % 
from the reference mixture (which includes air entrainer) for mixtures that include both 
the addition of SAPs and air entrainer.  Young’s modulus of elasticity is the lowest for 
mixtures that include both air entraining admixture and SAPs.  This is due to the increase 
in void space.  The SAP mixtures that include an air entraining admixture show no issues 
in the freezing and thawing test, per ASTM C666-08.  The SAP mixtures that do not 
include an air entraining admixture perform poorly in freezing and thawing environment.  
There is not a clear performance based difference between either SAP. 
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A plot summarizing all mixtures durability as it relates to cyclic freeze-thaw performance 
is presented in Figure 5.1.  This serves as a relative comparison of mixtures performance 









5.3 Conclusions Related to Chloride Sorption in Thermally Cycled Environments 
CHAPTER 4 examines the penetration of chlorides in hardened concrete due to 
interaction with chemical species, with respect to the potential for deterioration.  One 
method that has been found effective in reducing the amount of chloride ingress into the 
concrete matrix is the use of sealers, pore blocker, and water repelling materials. The 
objective of this study was to develop a testing procedure to assess the impact of sealers, 
pore blockers, and water repelling materials to delay or prevent chloride solution ingress. 
Section 4.2 presents a testing methodology, which closely replicates concretes field 
exposure to fluids containing salts.  Section 4.5 presents preliminary testing results that 
are used in developing the testing protocol, which is presented in Section 4.6.  Chloride 
pumping has been found to expedite the absorption of chlorides in concrete that are 
exposed to freezing conditions.  Uniform application is important when comparing 
various sealants.  Results from sealant testing are presented in Section 4.7.  Sample 
conditioning cannot only have a large effect on the absorption/ absorption rate of 
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